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The use of microorganisms for biodegradation of agrichemicals in soil has been a 
priori regarded as an area of considerable interest, owing to their enormous 
potential for environmental clean-up. This study is based on the premise that 
screening of beneficial bacteria possessing enhanced biodegradation capabilities in 
conjunction with some additional traits viz. phytohormones, siderophores and 
organic acids production may help provide certain strains with broad action-
spectrum. Such bacterial strains could be referred as 'super-bioinoculants'. The 
identification of these bacterial inoculants and soil bioaugmentation with them can 
considerably reduce the magnitude of chemical input, for increasing the crop yield 
and protection, besides bioremediation of contaminated sites. Thus, the isolation, 
characterization and identification of such indigenously effective agrichemical 
degrading bacteria with auxiliary biological activities are perceived as a viable and 
cost-effective approach for developing a genetic resource. 
In this study, the indigenous bacteria have been isolated from agricultural soil of 
Aligarh district (27° 29' latitude and 77° 29' longitude) in India. The isolates were 
screened for selection of efficient strains performing agrichemical degradation, and 
exhibiting innate potential of auxiliary biological activities. The soil in the test 
region has been characterized as sandy-loam, consisting of fine-sand (50 to 57 %), 
medium-sand (12.3 tol5 %), coarse-sand (2 tolO %), sik (19.9 to 25.7 %) and clay 
(3 to 3.1 %). The physico-chemical analysis suggested the alkaline nature of soil 
with marginal seasonal variations in the pH values. Furthermore, the perceptible 
seasonal variations were noticed in soil temperature, moisture content, water 
holding capacity and distribution of soil microflora. Using the enrichment culture 
technique, eight efficient bacterial isolates designated as NJ-10, NJ-15, PS-1, PS-2, 
PS-3, NJ-101, NJ-115 and NJ-125 have been screened out of the total 850 isolates, 
based on their potential of utilizing agrichemicals as sole carbon and/or nitrogen 
sources. The agrichemicals chosen for this investigation were 2,4-D, phorate and 
carbofiiran considering their widespread application in the test region and associated 
health hazards. 
The bacterial isolates were characterized on the basis of their morphological, 
biochemical and genetic characteristics. The morphological studies suggested all the 
eight isolates as aerobic and Gram-negative rods. The scanning and transmission 
electron microscopy demonstrated the rod shaped bacteria of variable sizes (1.01 
[im to 1.65 |am) with either a polar and/or clusters of flagella on cell surface. The 
biochemical and phylogenetic analysis based on 16SrDNA sequences, suggested the 
identification of the strains as: NJ-10 {Pseudomonas putida), NJ-15 {Pseudomonas 
aeruginosa), PS-1 (Rhizobium sp.), PS-2 (Pseudomonasputida), PS-3 (Proteus sp.), 
NJ-101 (Pseudomonas aeruginosa), NJ-115 (Pseudomonas putida) and NJ-125 
(Pseudoxanthomonas mirabilis). The strains NJ-10, NJ-15, NJ-101, NJ-115, NJ-
125 and PS-2 were found to be the members of group Proteobacteria, fluorescent 
sub-group gamma. However, the strains PS-1 and PS-3 were the members of the 
families Rhizobiaceae and Enterobacteriaceae, respectively. Sequence alignment of 
16SrDNA partial amplicons with the database sequences suggested 95 to 99 % 
similarity. 
The strains NJ-10 and NJ-15 exhibited substantial growth in mineral salt medium 
supplemented with 5 mgmf'of 2,4-D as a sole source of carbon and energy. 
Similarly, the strains PS-1, PS-2, and PS-3 showed significant growth in mineral 
salt medium containing 200 ^igmf' phorate as a sole carbon source. The strains NJ-
101, NJ-115 and NJ-125 also demonstrated growth both in the mineral sah medium 
and nitrogen-free mineral salt medium supplemented with 200 jigml"' carbofiiran, as 
a sole source of both the carbon and nitrogen. The generation times for strains NJ-
10 and NJ-15 were determined to be 53 and 54 min, respectively in the medium 
supplemented with 5 mgml"' 2,4-D. Moreover, the generation times for strains NJ-
101, NJ-115 and NJ-125 were estimated as 51.4, 83 and 54 min with the maximum 
growth rates (^ imax) as 1.16, 0.92 and 0.52 h"\ respectively in nutrient broth 
supplemented with 200 lagmf' carbofuran. Similarly, the maximum growth rates 
(M-max) of the strains PS-1, PS-2 and PS-3 in nutrient broth supplemented with 200 
Hgml'^  phorate were determined to be 0.52, 0.90 and 0.97 h'', respectively. 
The results on the kinetics of agrichemical degradation indicated (i) 96.6 and 99.8% 
degradation of 2,4-D in soil microcosm bioaugmented with NJ-10 and NJ-15, with 
in 20 days at 30°C, following the first-order kinetics and the rate constants as 0.084 
and 0.112 d"', (ii) 98 % degradation of phorate with in 40 days at 30°C at the rate 
constants as 0.04, 0.05 and 0.04 d"' with strains PS-1, PS-2, and PS-3 following the 
first-order rate kinetics, and (iii) almost 100 % degradation of carbofuran with in 40 
days at 30V with the rate constants as 0.035, 0.038 and 0.045 d"' following the 
first-order rate kinetics. Analysis of degradation data revealed the differential rates 
of agrichemical dissipation in soil in the order as 2,4-D>carbofuran ~ phorate based 
on the half-lives (ti/2) of 10, 20 and 20 days, respectively. 
All the eight-degrader strains exhibited multiple antibiotic resistance. The results 
showed that 62.5% strains were resistant to eight antibiotics. Moreover, three 
clusters each of 12.5 %> strains exhibited resistance to seven, six and two antibiotics. 
The frequency of resistance was highest for ampicillin and novobiocin followed by 
cloxacillin, methicillin, nalidixic acid, chloramphenicol, tetracycline and 
deoxycycline. Interestingly, the strains NJ-15 and NJ-101 also exhibited resistance 
against rifampicin. Since most of the drug resistance markers are mapped on 
plasmids, therefore, the degrader strains were also assessed for the presence of 
plasmids. The agarose gel electrophoresis revealed the presence of plasmid 
molecules in all test strains and their molecular sizes were estimated. The plasmids 
pNJlO and pNJ15 isolated from strains NJ-10 and NJ-15, respectively were found to 
be 21.5 and 21.2 Kb in size. The molecular sizes of plasmids pPS-1, pPS-2 and pPS-
3 were determined to be 23.2, 22.7 and 22.9 Kb, respectively. Moreover, the 
molecular sizes of plasmids from carbofuran degrading strains designated as pNJ-
101, pNJ-115 and pNJ-125 were found to be 41.4, 38.0 and 41.0 Kb, respectively. 
Treatment of plasmid harboring strains with acridine orange resulted in 
disappearance of selected traits such as ampicillin resistance and fluorescence 
pigmentation. The loss of fluorescent pigments was invariably observed in all 
Pseudomonas strains tested, except the strains PS-1 {Rhizobium sp.), PS-3 {Proteus 
sp) and NJ-125 {Pseudoxanthomonas mirabilis). Besides, the perceptible changes 
were observed in the colony morphology of the cured derivatives vis-a-vis their 
wild-type counterparts. 
In addition to biodegradation of agrichemicals, the isolated strains concurrently 
exhibited a variety of auxiliary activities, viz. indole acetic acid (lAA) and 
siderophore production, phosphate solubilization as well as anti-fungal activity 
against common phytopathogenic fungi. The estimation of lAA in culture filtrates at 
different time intervals between 2 to 10 days showed a linear time-dependent 
increase in lAA production in the late exponential and/or stationary phase. The 
strains were also found producing variable amounts of siderophores. Appearance of 
yellow to reddish-brown color zones of variable sizes (10.1 to 17.6 mm) 
surrounding the inoculum were recorded as an index of siderophore production after 
48 h of incubation at 30°C. Siderophore production was validated by FeCls test and 
CAS liquid assay based on spectrophotometric measurement of absorbance at 630 
nm. The degrader strains also showed significant solubilization of tri-calcium 
phosphate in Pikovskaya's medium. The efficiency and extent of phosphate 
solubilization of strains were found to be in the order as NJ-15> PS-1> NJ-101>PS-
3>NJ-10>PS-2>NJ-115. The quantitative analysis revealed the release of 92 and 
44.5 i^gmf' soluble phosphates in the medium with strains NJ-15 and NJ-10, 
respectively with in 8 days of incubation at 30°C. The strains PS-1, PS-2 and PS-3 
released 105, 92 and 98 ^igmf' of soluble phosphate in the cultures, respectively. 
Moreover, the strains NJ-101 and NJ-115 produced about 76.4 and 44.2 i^ gml"' of 
soluble phosphate after 8 days of incubation. 
Interestingly, some of the degrader strains also demonstrated the antagonistic 
activity against a range of phytopathogenic ftangi on King's B medium under in 
vitro conditions. Particularly, the strain NJ-15 exhibited remarkable growth 
inhibitory activity against several phytopathogenic ftangi viz. Fusarium oxysporum f. 
sp. lentil, Fusarium f sp. udum, Fusarium oxysporum f sp. ciceri, Fusarium solani, 
Trichoderma harzianum, Alternaria alternata and Macrophomina phasiolina. Also, 
the strain NJ-101 showed the growth suppressing activity against a range of 
phytopathogenic Fusarium species on King's B medium. The formation of variable 
size zones of inhibition (1.2 to 1.8 mm) suggested differential sensitivity of the 
strains in the order as Fusarium oxysporum f sp. lentil>Fusarium f sp. 
udum>Fusarium oxysporum f. sp. ciceri>Fusarium solani. Besides, a limited 
antagonistic effect of strains PS-3 and NJ-10 against a phytopathogenic fungi 
Fusarium oxysporum f. sp.udum was observed. The results of scanning electron 
microscopy showed the cell wall lysis of the fungal hyphae by the test strains. The 
electron micrographs revealed the alterations in fungal morphology in a time-
dependent manner upon interaction with strains NJ-15 and NJ-101. Distortions in 
mycelium were initiated after 6 h incubation followed by enhancement in bacterial 
population on hyphae cell wall. Extensive damage was noticed after 72 h 
interaction, and the walls of hyphae appeared lysed and hollow, presumably due to 
loss of cytoplasmic material. 
Amongst the eight agrichemical degrading bacterial strains, the most efficient 
strains NJ-15 {Pseudomonas aeruginosa) and NJ-101 (Pseudomonas sp.) were 
assessed for rhizospheric competence, root colonization and biocontrol ability. The 
increase in the population density of the inoculant strains NJ-15 and NJ-101 by 44 
and 46.8-fold, respectively on root surface after 60 days post-planting suggested 
significant root colonizing ability of the strains. These strains also demonstrated co-
existence with indigenous soil microflora and resistance to UV (310 nm) radiations. 
Application of strains NJ-15 and NJ-101 as bioinoculants demonstrated the potential 
of plant growth promotion with concurrent suppression of Fusarium wilt disease in 
pigeonpea grown in disease-conducive soil. The test strains NJ-15 and NJ-101 
significantly contributed in increasing the root length, shoot length and fresh and 
dry weights of shoot and root after 30 and 60 days of post-planting. 
Thus, the demonstrated agrichemical biodegradation with collateral phosphate 
solubilization, lAA and siderophore production, as well as specific anti-fungal 
activity elucidated the multifarious traits of the strains for their possible exploitation 
as eco-specific super-bioinoculants. The indigenous isolates with these beneficial 
traits, acquired under a natural selection process, could be utilized for developing 
bioinoculants specific to crop and agro-climatic conditions. Owing to the wide 
action-spectrum, these primary degrader strains could be exploited individually or in 
consortium for controlling the region-specific environmental and agronomic 
problems, simultaneously. 
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Abstract. Phylogenetic characterization of soil isolate NJ-15, based on sequence homology of a partial 
746-bp fragment of 16SrDNA amplicon, with the ribosomal database sequences (http://www.msu.edu/ 
RDP/cgis/phylip.cgi), validated the strain as Pseudomonas aeruginosa. The strain NJ-15 produced a 
substantial amount of indole acetic acid (LAA) in tryptophan-supplemented medium. Besides, the strain 
also exhibited significant production of both the siderophore and hydrogen cyanide (HCN) on chrome 
azurol S and King's B media, respectively. The data revealed lower HON production under iron-limiting 
conditions vis-k-vis higher HON release with iron stimulation. Significant growth inhibition of phyto-
pathogenic fungi occurred in the order as Fusarium oxysporum > Trichoderma herizum > Alternaria 
altemata > Macrophomina phasiolina upon incubation with strain NJ-15 cells. Thus, the secondary 
metabolites producing new Pseudomonas aeruginosa strain NJ-15 exhibited innate potential of plant 
growth promotion and biocontrol activities in vitro. 
Fluorescent Pseudomonads are easily distinguishable 
from other bacteria owing to their ability to produce 
water-soluble, yellow-green pigments [23]. They are 
considered to be the most promising group of plant 
growth-promoting rhizobacteria involved in biocontrol 
of plant diseases [8, 9]. They produce secondary metab-
olites such as antibiotics [11], phytohormones [11], vol-
atile compound HCN [6], and siderophores [18]. Certain 
species of fluorescent Pseudomonads produce sid-
erophores up to >50% of the total dry weight of cells 
[15]. The siderophore-producing Pseudomonads colo-
nize roots of several crops including cereals, pulses, 
oilseed, and vegetables [9], and significantly enhance the 
crop yield [15]. Production of siderophores has also been 
linked to the disease-suppressing ability of certain fluo-
rescent Pseudomonas species [13]. The control of phy-
tophthora root rot of soybean [12], tobacco black root rot 
[10], fungal diseases of orange, lemon citrus roots [8], 
and ornamental plants [28] has been demonstrated with 
fluorescent Pseudomonads. Indeed, the biological con-
trol of plant diseases with bacterial antagonism is a 
potential alternative to expensive chemical control, pre-
venting the accumulation of hazardous compounds toxic 
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to soil biota. In the present study, a soil isolate 
NJ-15, presumptively identified as Pseudomonas a 
nosa [16], has been further characterized basi 
16SrDNA homology. Its possible growth-promotii 
biocontrol potential has been investigated by detc 
ing the secondary metabolites, viz. lAA, sidero 
and HCN production. 
Materials and Methods 
DNA isolation, PCR amplification, and rRNA homology. ' 
isolate NJ-15, a 2,4-D degrader [16], was grown in nutrient I 
25°C. Cells were harvested after 24 h and processed immedia 
DNA isolation by standard procedure [20). The concentrati 
purity of the DN.A preparation were determined by measuring 
density at 260 nm and ratio at 260/280 nm with a Hewlett \ 
UV-Vis Spectrophotometer. The PCR amplification was carrie 
a final volume of 50 (il. Briefly, the amplification reaction coi 
50 ng template DNA, 30 pmole each of universal primers [27], 
dNTPs. and 2..'! U Taq ptilymerase (GIBCO, BRL) in 1X PCI 
(Sigma. USA) was run on an Amplitron® 96-well thennolyne 
Reactions were cycled .'0 limes as follows: 94°C for 2 min (pre 
94°C for 30 s. 55°C for 30 s, 72°C for 1 min. and a post-dwell 
for 1 min followed by a 4-C chill. The PCR products were anal 
1.5% asarose iel in IV TAE, mn at 50 V for 2 h. Gels were 
with ethidium bromide and photographed. PCR products were 
with QIAquick PCR purification kit, (Qiagen, USA) and qu 
using PicoGreen® ds DNA quantitation kit (Molecular Probe: 
on MFX spectrofluorometer (Dynex Technologies). The 
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16SrDNA amplicon was soi|ut;nccd with ABl Prisuv" automated tluo-
resLcnl DNA sequencing facility at Michigan State University (East 
Lansing. Ml. USA). The honiulngy of partial sequence was compared 
uilli the sequences in the RDP database and phylogenetic tree con-
..•cd by using RDP phylip interface (hup://www.cme.msu.edu/ 
-jis/phylip.cgi). 
i.cierminatlon of indole acetic acid (lAA) produced. The production 
1)1' lAA was determined according to the method of Brjc et al. [3J. In 
brief, a non-IAA producing .soil isolate from our culture collection (as 
a control) and test strain NJ-15 were inoculated in nutrient broth 
(peptone. 5g; yea.st extract. 1.5g; beef extract, 1.5°; and NaCI, 5g; each 
per liter) without and with tryptophan (500 |j.g/ml) and incubated at 
30''C. A 5-ml culture was removed from each tube and centrifuged at 
10.000 rpm for 15 min. An aliquot of 2 ml supernatant was transferred 
• :i fresh tube to which 100 p.1 of 10 m.M orthophosphoric acid and 4 
:••' reagent (I ml of 0.5 M FeClj in 50 ml of 35% HCIOJ were added. 
. u- mi.xture was incubated al room temperature for 25 min, and the 
absorbance of pink color developed was read at 530 nm. The lAA 
concentration in culture was deterniined by using a calibration curve of 
pure lAA as a standard following the linear regression analysis. 
Detection and characterization of siderophore. TTie siderophore 
production was determined by perfonning the FeClj test [18] and 
chrome azurol S (CAS) assay [21]. All the glassware was cleaned with 
6 N HCl. The medium was deferrated by extracting with 3% 8-hy-
"-•wquinoline in chloroform. The medium was then autoclaved to 
Mve any residual chloroform. Culture of test strain NJ-15 was raised 
:. V19 minimal medium (20J al 30°C to a density of 10* CFU/ml. Cells 
in late log phase were removed by centrifugation at 3000 rpm. and the 
filtrate was tested for siderophore on CAS agar plates. Also, the 
quantitative estimation was performed according to the method of 
Chambers et al. [5]. Specific tests were carried out for identification of 
hydro.\amate, phenolate. and carboxylate types of siderophores follow-
ing the standard methods [1, 22, 24]. 
Detection of HCN production. Production of HCN was observed 
ording to the method of Lorck [14]. Freshly grown cells were spread 
King's B and Psetidomonas isolation agar medium containing 
ilycine (4.5 g/L). A sterilized filter paper saturated with 1% solution of 
picric acid and 2% sodium carbonate was placed in the upper lid of a 
pctri dish. The petri dish was then sealed with parafilm and incubated 
at 30'C for 4 days. A change in color of the filter paper from yellow to 
reddish brown as an index of cyanogenic activity was recorded. 
Assessment of anti-fungal activity in vitro. The antagonistic ability of 
the test strain NJ-15 was checked against four common phytopatho-
ucns. viz.. Allemaria atlemata, Macrophomina phasiolina. Tricho-
iiki heriziim, and Fusarium oxysponim. Broth cultures of the se-
ed fungi (10' CFU/ml) were plated on the surface of King's B agar 
|ii;iie. .A small well (4mm X 2mm) was cut in the plate, and 0.1 ml of 
1 X 10* CFU/ml test culture grown in nutrient broth was added. 
.Antibiosis of test strain against the fungal pathogens was assessed on 
the basis of the inhibition zone size after 4 davs of incubation at 30°C. 
Results and Discussion 
!•! the present study, the production of secondary metabo-
v-'s. viz., lAA, HCN, and siderophore. has been assessed to 
.^uicidate the agronomic significance of the soil isolate 
Pseikhmoms aeniginoso strain NJ-15. Our earlier studies 
demonstrated the 2,4-D degrading ability of strain NJ-15 in 
•soil microcosm [16]. Molecular chitrncierization based on 
l6SrDNA homology of a partial sequence (746 bpj with the 
sequences in RDP database (http://www.cme.msu.edu/ 
RDP/cgis/phylip.cgi) confirmed the earlier reported pre-
sumptive identification [16] as Pseudotnonas aerui>inusu. 
The partial sequence of nested PCR-amplified !6SrDNA of 
strain NJ-15 is shown in Fig. 1. panel-A. Comparison of the 
sequence by BLAST (http://www.ncbi.nlm.nih.gov/blast/ 
Blast.cgi) with the 16SrDNA sequences in database also 
exhibited sequence homology with Pseudomonas aerugi-
nosa. The sequence was aligned by using sequence ALIGN 
version 1.7 (http://www.cme.msu.edu/RDP/cgis/seq_align. 
cgi), and was analyzed for chimera formation following 
phylogenetic analysis by using maximum likelihood, simi-
larity matrix, and maximum parsimony analyses. The phy-
logenetic analysis of strain NJ-15, exhibiting sequence ho-
mology m\h Pseudomonas aeruginosa, is represented as 
the phylogenetic h/ee (Fig. 1, panel-B). 
The results shown in Fig. 2 clearly indicate the 
production of substantial amounts of lAA during growth 
in nutrient broth. The culture of NJ-15 reaches a station-
ary phase at a cell density of 2 X lO" CFU/ml after 24 h. 
Although the prolonged incubation of culture up to 10 
days shows some reduction in cell viability, a sufficiently 
large biomass (7 X lO' CFU/ml) of viable cells persists 
in the stationary phase culture even on day 10 of incu-
bation. The estimation of lAA in culture filtrate at dif-
ferent time intervals between 2 and 10 days revealed a 
linear, time-dependent increase in lAA production. The 
presence of tryptophan in the. medium substantially en-
hanced the lAA production. These results concur with 
the earlier reported obsen'ations suggesting induction of 
lAA production in stationary phase of culture [2, 7, 26], 
probably owing to induction of key enzymes of LA.A 
biosynthesis pathway [19]. The release of this phytohor-
mone evidently suggests the plant growth-promoting 
ability of the test strain. The strain NJ-15 also showed the 
production of siderophore on CAS agar plates (Fig. 3). 
Appearance of a reddish-brown zone surrounding the 
inoculum on CAS agar plates and also the positive re-
sults of FeClj test and CAS assay (Table 1) unequivo-
cally suggest siderophore production. The siderophore 
being produced by strain NJ-15 has been identified as 
hydroxamate-type [22]. This low-molecular-weight bio-
molecule is known to act as growth factor and also 
exhibits potent antimicrobial activity [17]. Funher 
screening of the strain XJ-15 for HCN production and 
antibiosis against representative pathogenic fungi re-
vealed its hiocontrol potential. A remarkable change in 
color from yellow to reddish-brown with strain NJ-15 
compared with the control NJ-10 (results not shown) 
indicates HCN production. The data re\ ealed a decrea<ed 
level of HCN production under lou iron conditions. 
However, higher HCN production in Pjeiidomonas i>o-
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Panel-A 
CCGCCTAACACATGCAAGTCGAGCGGATGAAGGGAGCTTGCTCC 
TGGATTCAGCGGCGGACGGGTGAGTAATGCCTAGGAATCTGCCT 
GGTAGTGGGGGATAACGTCCGGAAACGGGCGCTAATACCGCATA 
CGTCCTGAGGGAGAAAGTGGGGGATCTTCGGACCTCACGCTATC 
AGATGAGCCTAGGTCGGATTAGCTAGTTGGTGGGGT/U^AGGCCT 
ACCAAGGCGACGATCCGTAACTGGTCTGAGAGGATGATCAGTCA 
CACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAG 
TGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCC 
GCGTGTGTGAAGAAGGTCTTCGGAITGTAAAGCACnTAAGTTG 
GGAGGAAGGGCAGTAAGTTAATACCTTGCTGTTTTGACGTTACC 
AACAGAATAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTAA 
TACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCG 
CGCGTAGGTGGTTCAACAAGTTGGATGTGAAATCCCCNGGCTCA 
ACCTGGGAACTGCATCCAAAACTACTGAGCTAGAGTACNGTAGA 
AGGTGGTGGAATTTNCTGTGTAGCGGTGAAATGCCTTANATATA 
GGAAGGAACACCAGTGGCGAAGGCGACACCTGGACTGATACTG 
ACACTGANGTGCCAAAGCCTGGGGAGCCAACAGGATTAGATCT 
Panel-B 
Str.JTB 12 
Pseudomonas aeruginosa sir. 86351 
Str.BDI-3 
Pseudomonas aeruginosa 
Pseudomonas aeruginosa 
NJ-15 
Pseudomonas aeruginosa LMG 1242 T 
— Clone SJA-38 
— Clone SJA-64 
Pseudomonas Bu34 str. Bu34 
Pseudomonas aeruginosa str. AL 98 
Fig. I. Partial sequence of PCR-amplif 
16SrDNA fragment (747bp) of strain ^  
sequenced with .ABI Prism fluorescent 
sequencer (Panel-.Ai. Panel-B shows th 
phylogenetic analysis of strain NJ-15 i 
16SrDN.A partial sequence. Genetic re! 
ness between the strain NJ-15 and met 
of the bacterial family was inferred frc 
distance matrix of pair-wise distances, 
the phylogenetic tree was developed w 
RDP phylip interface software. 
lation agar (Pl.A) medium supplemented with iron 
(FeCl,. 100 p-g/nil) implies the stimulatory role of iron in 
cyanogenesis (.Table 2). These results corroborate the 
earlier studies on iron-stimulated HCN production [4] 
and its role in disease control [25]. For comparative 
evaluation, three different soil isolates from the same 
seocraphical region were used as controls for different 
metabolites being produced by strain NJ-15. Among 
these, strain NJ-10 and PS-1 have been identified as 
Psc'iuloinoiuis spp. and Rhizobiiini spp.. negative for 
HCN and siderophore production, respectively, and both 
positive for lAA production. However, an unidentified 
lAA-negative isolate, obtained upon screening ot soil 
bacteria, has been used as a control for spectrophot 
ric I.AA assay. 
The strain NJ-15 exhibited significant growth-
itop,- activity against a range of phytopathogenic 
Fusivium o.x\siH>nim. Alternario alienuita, Trichch 
herizum, Maavjihomina phasiolina (Table 3), Th 
gus Fusariuni (msponiin. howexer. showed some 
tivitv to .strain NJ-10. an indigenous soil isolate Pi 
monas spp., used as negative control for all 
phytopatiiogenic fungi. However, a discernible ^ 
ence in the size of the zone of inhibition producei 
the control and strain NJ-15 was noticed. The a 
nism was determined to bb in the order as fus 
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Pwiulonuiinis (wiiiyiiidsii strain NJ-15 
Incubation time (Days) 
Fig. 2. Production of indole acetic acid by strain NJ-15. The absorbance of 
pink color developed at 530 nm was plotted as a function of time. The plot 
represents as lAA negative control (•). test strain NJ-15 in nutrient broth 
without tryptophan (Bj. and with tryptophan (500 jig/ml) (A). The con-
centration of lAA produced as a function of time is shown in the inset. 
.'. Siderophore production by Pseuthmonus tienigiiiosn strain 
• 1.^  on chrome azurol S (CAS) agar plates. 
oxyspuruiu > Trichocienna herizinn > Altermvia alter-
luihi > Macroplioniiiici pliasialimi. In conchmon, this 
stiiiiy liemonstrate.s the potential of exploiting indigenous 
Siderophore assay Strain NJ-l.T 
FeCI, lest 
CAS plate assay 
CAS activity (O.D at 6.'() nm) 
Hydroxamate test 
Phenolate test 
Carboxylalc lest 
0.202 (,) < 
+ 
0.01) 
The statistical signilicance ip value) is based on Mann-Whitney non-
parametric rank-.sum test. Hyro.xylamine hydrochloride. 2.3-
dihydroxybenzoic acid, and rhizoferrin were taken as positive 
controls for hvdro.xamaie. phenolate. and farbo;tybie tests, 
respectively. Culture filtrate of stain PS-1, an indigenous soil isolate 
(Rhizobiiim spp.). negative for siderophore production, from our 
culture stock was used as neaative control. 
Table 2. H>drogen cyanide production by Pseiielomonas aenigiiujsa 
strain NJ-15 on different media 
Bacterial 
isolates 
NJ-IO (control! 
NJ-15 
King-
HCN production 
Pseiidonioiiits isolation 
agar 
i B medium l-Fe '") (-l-Fe'") 
--+ - - - 1 - - -
— = Moderate cyanic; production: = High cyanide 
production. NJ-10 is a in.:igenous soil isolate lPseiidonioims ;p.) 
from our laboraton- culture .-;ock. 
Table 3. Anti-fungal activir. of Pseiulciiionas i.:t'rii^iiwsa strain NJ-
15 against reoresentative phytopathogens 
Phytopathocens Inhibition zone i 
Control (NJ-lOi 
Fusarhtm cxysporum 
Tridiodenv..: hiriziiin 
Miernaria rJieriuva 
Macrophoirirui I'hosioliiu: 
0.0 ± 0.00 
27 ± 0.66 
2! ±0.57 
19 + 0.57 
13 ± 0.3? 
The value; represented 
experimenii. 
= SEM o; three independent 
fluorescent Pseiidoii\'nads for biocontrol and plant 
growth stimulation. Ir. vitro monitoring of auxiliar> bi-
ological activities o: a known 2.4-D degrader [161. 
Pseiidoinonns aerugir.,'sa strain NJ-15. suggests its sig-
nificant disposition -a suppressing soil-borne ph.\to-
pathogenic fungi. Also, the concurrent phytohornione 
I.AA production offer? sreat promU' for increased .wd 
sustained crop producrivity. 
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ABSTRACT 
N. BANO AND J. MUSARRAT. 2003. 
Phorate [0,0-diethyl-S-(ethylthio)methyl phosphoradiothioate] degrading bacteria were isolated from agricultural 
soil and characterized based on their morphological and biochemical characteristics. The selected isolates PS-1, 
PS-2 and PS-3 were presumptively identified as Rhizobium, Pseudomonas and Proteous species, respectively. The 
HPLC analysis of phorate in bioaugmented soil revealed its complete disappearance within 40 days. The 
degradation isotherms of the isolates PS-1, PS-2 and PS-3 suggested time-dependent disappearance of phorate 
following the first order rate kinetics at the corresponding rate constants of 0'04, 0-05 and 0-04 days" . Besides, the 
isolates concurrently exhibited substantial phosphate solubilization, indole acetic acid, and siderophore production. 
The isolate PS-3 also showed anti-fungal activity against a phytopathogen Fusarium oxyspomm. As a result 
of the multifarious biological properties, the isolates have been suggested to be important bioresource 
for efficient bioinoculant development. 
Keywords: Bacteria, biodegradation, indole acetic acid, phorate, phosphate solubilization, siderophore, soil. 
INTRODUCTION 
The organophosphorus insecdcide phorate [0,0-diethyl-i'-
(ethylthio)methylphosphoradiothioate] is a systemic 
insecticide, extensively used for the control of Grass grub 
[Costelytra zealandica), Porina moth {Wiseana sp.) and 
Argentine stem weevil (Lislronotus bonariensis) in pasture, 
maize and brassica, respectively. It is also reportedly used 
for aphid control in potatoes (Szeto et al. 1990) and larvae 
of carrot fly {Psila rosae) (Suett and Jukes 1997). With the 
total producnon of 4800 MT of phorate in India (http:// 
www.indiainfoline.com/sect/chag/chl2.html), the persist-
ence of this toxic (LD50 — 2 ppm) insecticide (Hassall 
1990) in the environment poses a serious concern. The 
incessant exposure of soil microorganisms to such toxic 
chemicals may result in the development of enhanced 
detoxificadon potential, and acquisition of new traits 
(Felsot et al. 1981). Earlier studies have demonstrated the 
t Correspondence to: J. Musarrat, Chairman, Department of Agricultural Microlno-
log)', Faculty of Agricultural Sciences, AMU, Aligarh 202002, India (e-mail: 
musarraljl@yahoo.com J. 
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microbial transformation of phorate into phosphodithioate 
sulphoxide and phosphodithioate sulphone (Chapman et al. 
1982; Szeto et al. 1990). However, to understand how this 
and other agrochemicals works in soil ecosystem, it is 
important to know the extent and kinetics of detoxification 
in specific environmental niches in different geographical 
regions. Therefore, in this study the diversity oi phorate 
degrading autochthonous bacteria has been assessed in 
pesticide contaminated agricultural soil. The phorate 
degrading isolates have been characterized and examined 
for collateral plant growth promotion and biocontrol 
acdvities for developing super-bioinoculants. 
MATERIALS AND METHODS 
Isolation and characterization of phorate 
degrading bacteria 
Bacteria capable of degrading phorate were isolated from 
agricultural soil by the enrichment culture technique. The 
soil homogenate (1 ml) was added to 50 ml nutrient broth 
(Hi-Media, Mumbai, India) containing 100 ppm phorate 
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(94-6% pure) and incubated at 30°C with constant shaking 
at 150 rpm. An aliquot of 0-2 ml of the culture was plated on 
mineral salt medium (in g F ' : ( N H 4 ) 2 S 0 4 , 1-0; K2HPO4 1-0; 
Na2HP04, 2 1 ; MgS04, 0-01; CaOrlHzO, 0 1 ; FeS04-
7H2O, 0001; CUSO4, 0-04; NaM004, 0-002; pH 7-4 ± 0-02) 
supplemented with 100 ppm phorate. The resulting colonies 
were repeatedly subcultured in mineral salt medium with 
200 ppm of phorate to confirm their phorate utilizing 
ability. Identification of phorate degrading bacterial isolates 
was carried out on the basis of the colony morphology, 
cultural and biochemical characteristics following the 
Bergey's manual of delerminalive bacteriology (1994). 
Kinetics of biodegradation 
Briefly, the aliquots of 100 g sandy loam soil, obtained from a 
pesticide-contaminated agricultural field of Aligarh district 
(north-west region) of India, were amended with 200 ppm of 
phorate. The soil samples were enriched separately with 
freshly grown cultures of the isolates PS-1, PS-2 and PS-3 at 
a cell density of 10' CFU g~ soil. The controls consisting of 
sterilized soil with identical amount of phorate were run 
simultaneously under identical conditions. At different time 
points between 0 and 40 days, aliquots of 5 g soil were 
removed in duplicate from the microcosms. The samples 
were subjected to organic solvent extraction three times with 
HPLC grade acetone. The extract was filtered and acetone 
was evaporated to near dryness on a rotary thin film 
evaporator. The residues were dissolved in 5 ml of acetone 
and stored at 4°C until analysis. The phorate analysis was 
performed on Shimadzu HPLC System (Model LC-6A; 
Shimadzu Corp., Kyoto, Japan) coupled with SPD-6AV 
UV/Visible detector (Shimadzu Corp., Kyoto, Japan). 
Separation was achieved by using a C-18 Novapak (Waters 
Corp., Milford, MA, USA) (4 /;M) radically compressed 
cartridge using methanol : water in the ratio of 68 : 32 as a 
mobile phase. The flow rate was 1-2 ml min~ and absorb-
ance was read at 230 nm. The degradation rate constant {k) 
was determined using the algorithm C,/Co = e~ ', where Co 
is the amount of phorate in the soil at time 0, C, is the amount 
of phorate in soil at time t and, k and t are the rate constant 
(per day) and degradation period in days, respectively. 
Determination of phosphate solubilizing activity 
The soil isolates were spot inoculated on a Pikovskaya's 
medium (Pikovaskaya 1948) containing tri-calcium phos-
phate [Ca3(P04)2] and incubated at 30°C for 7 days. The 
development of a clear zone at inoculation site on the culture 
plates was noticed as an index oi phosphate solubilization. 
The quantifying spectrophotometric assay of phosphate 
solubilizing activity was performed according to the method 
of King (1932). 
Determination of indole acetic acid production 
by soil isolates 
The production of indole acetic acid (lAA) by the soil 
isolates was determined according to the method of Brie 
et al. (1991). In brief, the isolates were inoculated in 
mineral salt medium supplemented with 0-5% glucose and 
500 /(g ml"' tryptophan and incubated at 30°C. A portion 
of culture (S ml) was removed from each tube and 
centrifuged at 10 000 rpm for 15 min. An aliquot of 2 ml 
supernatant was transferred to a fresh tube to which 100 /d 
of 10 mM orthophosphoric acid and 4 ml of reagent (1 ml 
of 0-5 M FeCl., in 50 ml of 35% HCIO4) were added. The 
mixture was incubated at room temperature for 25 min and 
the absorbance of pink colour developed was read at 
530 nm. The lAA concentration in culture was determined 
using a calibration curve of pure lAA as a standard 
following linear regression analysis using Instat software 
(Graphpad, Graphpad Software Inc., San Diego, CA, 
USA). 
Detection of siderophores 
The siderophore production by soil isolates was determined 
by both the FeClj test (Neiland 1981) and chrome azurole S 
(CAS) assay (Schvvyn and Neiland 1987). All the glasswares 
were cleaned with 6 N HCl. The medium was deferratcd by 
extracting with 3 % 8-hydroxyquinoline in chloroform and 
autoclaved to remove any residual chloroform. 
Assessment of anti-fungal activity of isolates 
The antagonistic ability of the isolates was tested against four 
phytopathogens viz. Alternaria alternata, Macrophomma 
phasiolina, Trichoderma herizianum and Fusarium oxysporum 
species. The broth cultures of the selected fungi (10' CFU~ ) 
were plated on the surface of Saboured dextrose agar. Test 
cultures having cell density of 10 CPU" in nutrient broth 
each were separately added to small wells (4 mm x 2 mm) 
cut in these agar plates. The plates were incubated at 30°C 
and examined for the zone of inhibition. 
RESULTS AND DISCUSSION 
Three bacterial strains with inherent ability of degrading 
phorate have been isolated from pesticide contaminated 
agricultural soil. The isolates showed significant growth in 
mineral salt medium containing 200 ppm phorate as a sole 
carbon source, and exhibited 98% phorate degradation in 
bioaugumented soil after 40 days of incubation. The deg-
radation isotherms of the isolates PS-1, PS-2, and PS-3 
(Fig. 1), suggests a time-dependent disappearance of phor-
ate following the first order rate kinetics with the respective 
© 2003 The Society for Applied Microbiology, Letters in Applied Microbioiogy, 36, 349-353 
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120 
10 20 30 
Time of incubation (day) 
40 
Fig. 1 Rate of disappearance of phorate in soil microcosm augmented 
with pure cultures of phorate degrading isolates. The amount of 
phorate remaining in amended soil at different time points was 
estimated by HPLC analysis as mentioned in the material and method. 
The inset shows the percentage degradation of phorate as a function 
of time 
rate constants of 0-04, 0-05 and 0-04 day"'. Based on their 
morphological and biochemical characteristics, the isolates 
PS-1, PS-2 and PS-3 have been presumptively identified as 
Rhizobium, Pseudomonas and Proteous species, respectively 
(Table 1). 
a. 
•a 
o 
4 6 8 10 
Time of incubation (day) 
Fig. 2 Assessment of phosphate solubilizing activity of the isohitcs. 
The amount of soluble phosphate was determined from the absorbnnce 
data using the calibration curve with KH2PO4 at 600 nm. The tlata 
obtained for PS-I ( • ) , PS-2 ( • ) and P.S-3 (A) are plotted as function 
of time. The in.set shows the pH variation in the Pikovskaya's medium 
during growth of isolates at different time points 
The production of clear zones by all the three isolates on 
the Pikovskaya's agar medium (pH 6-8), demonstrates the 
potential for phosphate solubilization. Quantifying analysis 
Table 1 iMorphological and biochemical characteristics of phorate-degrading soil bacteria 
Soil isolates*! 
Characteristics PS-1 PS-2 PS-.3 
Colony morphology Circular, semitranslucent raised colony 
with polysaccharide production on YEMA 
Gram stain 
Keto lactose test 
Flourescence on King'B medium 
Swarming 
Biochemical tests 
Tyrosine utilization 
Oxidase test 
Nitrate reduction 
Lactose fermentation 
Presumptive identification 
-ve bacilli 
-
-
-
-
-
+ 
+ 
Rhtzobtum sp 
Smooth circular, mucoid colony 
having serrate margin 
-ve bacilli 
+ 
+ 
Spread in a uniform tijni 
over moist surface 
-ve bacilli 
Pseudomonas sp. Proteus sp. 
+, positive reaction; - , negative reaction. 
*AII were negative for gelatin hydrolysis, sucrose and mannitol fermentation. H2S production, indole production, methyl red, Voges-Proskauer and 
urease. 
tAll were positive for citrate utilization, catalase test and glucose fermentation. 
© 2003 The Society for Applied Microbiology, Letters in Applied Microbiology, 36, 349-353 
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of soluble phosphate in liquid medium confirmed the 
solubilization of tri-calcium phosphate (Fig. 2). Periodic 
monitoring of pH of the culture filtrate revealed a significant 
reduction from pH 74 to 47 (Fig. 2, inset). The results 
suggest that the enhanced phosphate solubilization by the 
isolates PS-1 and PS-3 could be the result of higher acid 
production vis-a-vis isolate PS-2. The relationship of 
decrease in pH of the culture medium with phosphate 
solubilization is well-established (Donner et al. 1993). 
Particularly, the Pseudomonas and Bacillus are well known 
for phosphate solubilization in soil (Gaur and Gaind 1983). 
However, limited information is available on the role of 
Rhizobia in phosphate solubilization (Haider et al. 1991; 
Surange and Kumar 1993). Interestingly, isolate PS-I, a 
Rhizohium sp., showed significant acid production in 
Pikovskaya's medium with concomitant phosphate solubili-
zation, besides producing polysaccharide on yeast mannitol 
agar. Although, the nature of acid produced by our isolates 
has not been ascertained, a combined effect of both the 
organic and inorganic acids on 0'05% (NH4)2S04 containing 
Pikovskaya's medium is envisaged. The production of 
organic acid and its role in phosphate solubilization is well-
documented (Pareek and Gaur 1973; Haider et al. 1991). 
Nevertheless, certain Bradyrhizobimn species are known to 
produce inorganic acid by NH^/H"^ exchange mechanism 
(Haider et al. 1991). Thus, the observed phosphate solubi-
lization by Rhizobium sp. (PS-1), corroborates well with the 
earlier studies (Surange and Kumar 1993; Haider et al. 1991). 
Indeed, all the three isolates grown in mineral salt 
medium supplemented with 0-5% glucose and 500 /ig m P ' 
of tryptophan showed substantial production of lAA 
(Fig. 3). The growth kinetics of the isolates (Fig. 3, inset) 
suggests the stability of the metabohcally active cells during 
stationary phase, as evident from the linear increase in lAA 
production up to 4 days. These results concur with the 
earlier observations indicating lAA production even in 
stationary phase of the culture (Atzorn el al. 1988; Garcia 
et al. 2001). Moreover, the isolates PS-2 and PS-3 grown on 
(a) 
PS-1 
a. 
< 
< 
PS-3 PS-2 
0 1 2 3 
Time of incubation (day) 
Fig. 3 Production of indole acetic acid by the soil isolates. The 
curves represent the amount of lAA produced by strains PS-1 ( • ) , 
PS-2 ( • ) and PS-3 (A) in mineral salt medium supplemented with 
glucose 0-5% and tryptophan 500 ppm. The inset shows the growth 
Icinetics of the isolates monitored simultaneously under identical 
growth conditions 
© 2003 The Society for Applied Microbiology, Letters ir) Applied Microbiology, 36, 349-353 
Fig. 4 Panel a shows the siderophore production by the isolates on 
chrome azurole S agar plate. Panel b depicts the inhibition of mycelial 
growth of Fusarium oxysporum 
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CAS agar also produces siderophores (Fig. 4, panel A). The 
results obtained from the FeCl,-; test and CAS assay 
validated the production of siderophores (data not shown). 
The isolate PS-3 exhibiting strong antagonistic effect on 
phytopathogenic fungi F. oxysporum reflects its biocontrol 
potential (Fig. 4, panel B). Thus, the multifarious biological 
role viz. biodegradation, phosphate solubilization, lAA and 
siderophore production, and specific anti-fungal activity 
demonstrate the agronomic and environmental significance 
of the isolates for their possible exploitation as super-
bioinoculants. 
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Slioi't conimunicaiion 
Isolation and characterization of 2,4-dichlorophenoxyacetic acid-catabolizing 
bacteria and their biodegradation efficiency in soil 
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Summary 
Bacterial isolates (NJ 10 and NJ 15) capable of degrading the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) were 
isolated from agricultural soil by enrichment culture technique. The isolates exhibited substantial growth in mineral 
salt medium supplemented with 0.1-0.5% of 2,4-D as a sole source of carbon and energy. Based on their 
morphological, cultural and biochemical characteristics, the isolates NJ 10 and NJ 15 have been identified as 
P.sei/domonas species and Pseiidoinonas aerugiriosa, respectively. Biodegradation studies in a soil microcosm 
enriched with pure cultures of the isolates demonstrated a time-dependent disappearance of 2,4-D from the 100 mg/ 
kg herbicide-amended soil. The HPLC data analysis revealed 96.6 and 99.8% degradation in the soil inoculated with 
the pure cultures of isolates NJ 10 and NJ 15, respectively with in 20 days of incubation at 30 °C. Both the isolates 
showed significant solubilization of inorganic phosphate [Ca3(P04)2] on the specific Pikovskaya's medium. 
Introduction 
Chlorinated aromatic compounds are one of the major 
groups of xenobiotics contaminating the environment 
(Chaudhry & Chapalamadugu 1991; Donnelly et al. 
1993). Amongst them 2,4-dichlorophenoxyacetic acid 
(2,4-D) is widely used as a post-emergence systemic 
herbicide for controlling broad-leaf vegetation (Beste 
1983). At lower concentrations, 2,4-D acts as an 
extremely active auxin, while at higher concentrations 
it causes plants to grow too fast, changing the normal 
pattern, and resulting in death of the plants (Harborne 
1988). It has also been reported to be genotoxic both in 
the somatic and germ-line cells of Drosophila (Tripathy 
et al. 1993) and carcinogenic in humans (Blair et al. 
1990; Zahm et al. 1990). 
In soil, the phenoxyalkanoic acid herbicides (pK^ 2.6-
3.3) exist predominantly as anions adsorbed to positive-
ly charged sites on the edges of clay particles or to 
negatively charged surfaces through bridging cations. 
Thus sorption of 2,4-D to soil clay and organic 
components prevents its cellular uptake and degradation 
(McGhee el al. 1999). Moreover, due to excessive use of 
2,4-D in the present-day agricuiture system, residual 
amounts of the herbicide may persist for a significant 
period after application and could exert detrimental 
effects on the ecosystem (Beste 1983). Therefore, knowl-
edge of the extent and kinetics of its detoxification is 
important in understanding the fate of 2,4-D in nature, 
using strains indigenous to the contaminated sites. The 
purpose of this study was to assess the inherent kinetic 
diversity of 2,4-D-degrading bacteria among the autoc-
hthonous microbial population. Thus the indigenous 
soil microflora were screened with the aims (i) to isolate 
and characterize the bacteria capable of degrading 2,4-D 
as a sole source of carbon and energy, (ii) to determine 
the extent of degradation in soil microcosm and 
(iii) to assess the intrinsic phosphate-solubilizing 
activity for their allied action as viable biofertilizers and 
biodegraders. 
Materials and Methods 
Isolation and characterization of 2,4-D-degrading 
bacteria 
Bacteria capable of degrading 2,4-D were isolated by the 
enrichment culture technique. The soil homogenates 
were inoculated in 50 ml nutrient broth (Hi-Media, 
India) each supplemented with 0.1% 2,4-D (99.6% 
pure) and incubated at 30 °C. Subsequently, 0.2 ml of 
this culture was plated on mineral salt agar plates (in g/1: 
(NH4)2S04, 1.0; K2HPO4,1.0; Na2HP04, 2.1; MgS04, 
0.01; CaClz • 2H2O, 0.1; FeS04 • 7H2O, 0.001; CUSO4, 
0.04; NaM004, 0.002; pH 7.4 ± 0.02) supplemented 
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with 0.2% of 2,4-D. The resulting colonies were 
repeatedly sub-cultured in minimal medium containing 
0.5% of 2,4-D to confirm their 2,4-D degrading ability. 
Identification of 2,4-D degi'ading bacteria was done on 
the basis of the colony morphology, cultural and 
biochemical characteristics following Bergey's Manual 
of Systematic Bacteriology (1984). 
Growlh kinetics of 2.4-D-ik'gyading isolates 
The bacterial isolates were freshly grown in mineral salt 
medi um (pH 7.0) containing 0.2% 2,4'D as the sole 
source of carbon. For determination of growth kinetics, 
0.1 ml each of the cultures of the isolates NJ 10 and NJ 
15 were inoculated into 10 ml nutrient broth and 
minimal medium, supplemented with 0.5% 2,4-D, in 
the Erlenmeyer flasks. The cultures were incubated at 
37 °C in a shaker water bath. At regular time intervals, 
the optical density at 600 nm was measured on a 
spectrophotometer (Spectronic 20, USA). The growth 
curves were obtained by plotting the optical density 
as a function of time. 
Delerniinalion of pliospluiie-soliiljilizing activity 
The isolated strains were spot inoculated on Pikovs-
kaya's medium (Pikovskaya 1948) containing tri-calci-
um phosphate [Ca3(P04)2] and incubated at 30 °C for 
10 days. The development of a clear zone at the 
inoculation site on the culture plate was used as an 
index of phosphate solubilization. The quantitative 
spectrophotometric analysis of the water-soluble phos-
phates was performed according to the method of King 
(1932). 
Kinetics of Ivoc/egradation 
The soil (sandy loam) microcosms each consisting of 
300 g soil in 500 ml conical flasks were amended with 
2,4-D (99.6% pure) at a loading of 100 mg/kg of soil. 
The soil samples were enriched with 5 ml freshly grown 
cultures of fsolate NJ 10 and NJ 15 at a cell density of 
10'' c.f u./g soil. The controls consisting of sterilized soil 
with an identical amount of 2,4-D were run simulta-
neously under identical conditions. The moisture con-
tent of the soil was maintained at 55% water-holding 
capacity by adding sterilized distilled water. The soil was 
turned by shaking every week to enhance Oj availabi-
lity. At dilTerent time points from 0 to 30 days, aliquots 
of 5 g soil in triplicate (total 15 g soil) were removed 
from the microcosms. The samples were subjected to 
organic solvent extraction for recovery of the residual 
2,4-D from the soil. The soil was extracted three times 
with absolute ethanol. The extract was filtered and 
ethanol was evaporated to near dryness on a rotary thin 
film evaporator. The residues were dissolved in 5 ml of 
99.9% ethanol and stored at 4 °C until analysis. The 
2,4-D analysis was performed on Shimadzu HPLC 
system (Japan) Model LC-6A coupled with SPD-6AV 
UV/visible detector. Separation was achieved by tising a 
C-18 NovaPak (4//m) radically compressed cartridge. 
The mobile phase consists of 40% 0.75 mivi phosphoric 
acid (pH 2.0) and 60% methanol. The flow rale was 
1.5 ml/min and absorbance was read at 210 nm. 
Results and Discussion 
Two Pseudomonas species capable of utilizing 2,4-D as a 
source of carbon were isolated from agricultural soil 
contaminated with 2,4-D systemic herbicide. The iso-
lates exhibited substantial growth on mineral salt 
medium supplemented with 0.5% 2,4-D and were 
designated as NJ 10 and NJ 15. The isolates were found 
to be aerobic. Gram-negative rods, producing fluores-
cent pigments. The isolate NJ 10 formed pale yellow, 
circular and slightly raised colonies on solid meditim in 
presence of 2,4-D and was identified as a Pseiulomonas 
species. In contrast, the isolate NJ 15 developed large, 
irregular, greenish yellow colonies with an earthy smell 
and was presumptively identified on specific medium as 
Pseudomonas aeruginosa. The growth curves of the 
isolates at 600 nm (Figure 1) revealed the generation 
time of the strains NJ 10 and 15 in nutrient broth plus 
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Figure I. Growth kinetics of the pure cultures of 2.4-D-degrading 
Pseiiilomoiui.s strains isolated from soil. The bacteria] isolates NJ 10 
( • ) and NJ 15 (A) were grown in nutrient broth plus 0.5% 2.4-D and 
NJ 10 (O) and NJ 15 (A) in mineral salt medium supplemented with 
0.5% 2.4-D at 37 °C. The growth was monitored by measuring the 
optical density at 600 nm and plotted as a function of lime of 
incubation. 
Biodegrcicldtion of 2.4-D in soil 497 
0.5% 2,4-D as 53 and 54 min, respectively. However, 
the isolates grown in a fresh mineral salt medium 
containing 0.5% 2,4-D exhibited a prolonged (10 h) lag 
phase as an adaptation period before the exponential 
growth was resumed. Nevertheless, growth in minimal 
medium at pH 7.0 and temperature 37 °C clearly suggest 
their capability to utilize 2,4-D as a source of carbon 
and energy. The isolates also exhibited the formation of 
clear zones on Pikovskaya's agar medium, pH 7.0 after 
5 days of incubation at 30 °C, which alludes to the 
phosphate-solubilizing ability of the isolated strains. 
The amounts of soluble phosphate released from tri-
calcium phosphate by the strains NJ 10 and 15 were 
determined to be 44 and 93 /(g/ml, respectively. The 
growth of the isolates in liquid medium also resulted in 
the concomitant reduction in pH of the medium from 
pH 7.0 to pH 4.0, due to acid production. It is well 
established that the microorganisms capable of produc-
ing organic acid can effectively solubilize the inorganic 
phosphates in soil (Konig 1961; Pareek & Gaur 1973). 
The data pertaining to the kinetics of 2,4-D degrada-
tion have indicated complete disappearance of 2,4-D as 
u function of time under specified conditions (Figure 2). 
The results exhibited 96.6 and 99.8% degradation of 2,4-
D in the soil microcosm enriched with the strains NJ 10 
and NJ 15, respectively within 20 days of incubation at 
30 °C. However, the control comprised of sterilized soil 
with identical concentration of 2,4-D does not exhibit 
any 2,4-D degradation. The rate of biodegradation of 
2,4-D in soil enriched with NJ 15 was observed to be 
relatively faster compared with the strain NJ 10 under 
identical conditions, which reflects the relative efficiency 
of the strains. The concurrent biodegrading and phos-
phate-solubilizing ability of the isolates manifests their 
agricultural and environmental significance. Evaluation 
of their efficacy in field studies is warranted for 
recommending them as a bio-resource for simultaneous 
bioremediation of 2,4-D-contaminated soil and a 
biofertilizer for soil enrichment. 
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Abstract 
The isolate NJ-101 obtained from agricultural soil was characterized and presumptively 
identified as Pseudomonas sp.. The isolate exhibited efficient degradation of insecticide 
carbofiiran with a rate constant of 0.035 d' , following the first-order rate kinetics. The 
ability of performing multifarious biological activities in-tandem suggested the 
uniqueness of isolate NJ-101. The ability to produce hydrogen cyanide (HCN) and 
siderophore stipulated its role in biological control. Furthermore, the growth inhibition of 
Fusarium sp. validated the antagonistic activity of NJ-101 against the common 
': phytopathogens. Concurrent production of indole acetic acid (lAA), and solubilization of 
inorganic phosphate revealed its plant growth promoting potential. Thus, the innate 
capability of this novel isolate for parallel biodegradation, biocontrol and plant growth 
promotion has significance in management of the agro-environmental and phyto-
pathological problems. 
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1. Introduction 
Carbofuran (2,3-dihydro-2, 2 dimethy-7-benzofuranoyI N-methylcarbamate) is a wide 
spectrum carbamate insecticide. It is widely used for controlling the soil-dwelling and 
foliar feeding insects viz. com root worm, wire worms, boll weevils, mosquitoes, alfalfa 
weevils and white grubs [1]. Besides, it also exhibits relatively high mammalian toxicity 
[2] and, therefore, has been classified as highly hazardous. The oral LD50 value of 
carbofuran in mice and other animals has been reported to vary from 2 to 9 mgkg' body 
weight [2, 3]. In the environment, such pesticides with high water solubility and lower 
adsorption coefficient [4], leach through the unsaturated soil zones and cause 
contamination of the lakes, streams and groimd water [5]. Indeed, the agricultural soil 
serves as an ultimate sink for the agrochemicals, where soil microflora involved in 
bioremediation contribute in reducing pollution load. A large number of pesticides are 
rapidly biodegraded in soil, due to efficient mechanisms of recruitment and assembly of 
diverse catabolic pathways in soil bacteria. 
Several bacteria capable of degrading carbofuran have been isolated and characterized [6-
8]. Microorganisms utilize carbofiiran by hydrolysis of labile methycarbamate linkage, 
yielding carbofuran-7-phenol and methylamine [6]. It is also degraded in soil and water 
by hydrolysis, photolysis and photodecomposition, yielding 2-hydroxyfiiradan and 
furadan phenol [9]. Furthermore, the hydrolysis of carbamate esters, carbamate side 
chains and carbofuran-phenol has also been reported [6,10,11]. Interestingly, our earlier 
studies on pesticide degraders have suggested their innate capability of simultaneous 
expression of ancillary traits along with the pesticide biodegradation potential (12,13). 
Owing to the multifarious biological characteristics, such isolates offer tremendous 
agronomic and environmental significance. Thus, the aim of this study is to (i) isolate and 
characterize the indigenous soil bacteria capable of utilizing carbofuran as a source of 
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carbon and nitrogen, (ii) kinetics of biodegradation, and (iii) screening of isolates for 
auxiliary activities including secondary metabolites (Indole acetic acid (lAA), 
siderophore and hydrogen cyanide) production, and phosphate solubilzation. 
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2. Materials and methods 
2.1. Isolation and characterization ofcarbofuran degrading bacteria 
Bacteria capable of degrading carboftiran were isolated from agricultural soil 
following the enrichment culture technique. In brief, the soil homogenate (1ml) was 
added to 50 ml nutrient broth containing 100 ppm carboftiran (99.4% pure), and 
incubated at 30°C with constant shaking at 150 rpm. An aliquot of 0.2 ml of the culture 
was plated on mineral salt (MS) medium, in 1"': (NH4)2S04, l.Og; K2HPO4, l.Og; 
Na2HP04, 2.]g; MgS04, O.Olg; CaCl2. 2H2O, O.lg; FeS04.7H20, OMlg; CUSO4, 0.04g; 
NaM004, 0.002g; pH 7.4 supplemented with 100 ppm carboftiran as a sole carbon 
source. Glucose supplemented nitrogen-free medium (without (NH4)2S04) with 100 ppm 
carboftiran was used to check the ability of isolates to utilize it as a nifrogen source. The 
resulting colonies on MS medium were repeatedly sub-cultured on the same medium in 
presence of 200 ppm carboftiran to confirm their degrading ability. The selected isolate 
NJ-101 was identified based on the colony morphology, cultural and biochemical 
characteristics following the Bergey 's manual of determinative bacteriology [14]. 
2.2. Kinetics of biodegradation 
Briefly, the aliquots of 100 g sandy-loam soil obtained from the pesticide 
contaminated agricultural land of Aligarh district (27*^29' latitude and 77** 29' longitude) 
of India, were amended with 100 ppm of carbofuran. The soil samples were enriched 
with freshly grown culture of the isolate NJ-101 at a cell density of 10^ c.f u.g"' soil. The 
parallel controls consisting of sterilized soil with identical amount of carboftiran were 
run. At different time points between 0 to 40 days, aliquots of 5 g soil were removed in 
duplicate from the microcosms. The samples were subjected to organic solvent extraction 
three times with HPLC grade acetonitrile. The extract was filtered and acetonitrile was 
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evaporated to near dryness on a rotary thin film evaporator. The residues were dissolved 
in 5 ml of methanol and stored at 4''C xmtil analysis. The carbofuran analysis was 
performed on Shimadzu HPLC System (Japan) Model LC-6A coupled with SPD-6AV 
UVA/^isible detector. Separation was achieved by using a C-18 Novapak (4 pm) radically 
compressed cartridge using acetonitrile : water in the ratio of 30:70 as mobile phase. The 
flow rate was 1.0 mlmin' and absorbance was read at 254 nm. The degradation rate 
constant (k) was determined using the algorithm Ct/Co = e'^, where Co the amount of 
carbofiiran in the soil at time zero, Ct is the amount of carbofiiran in soil at time t, and k 
and t are the rate constant (d"') and degradation period in days, respectively. 
2.3. Determination of indole acetic acid (lAA) produced 
The production of lAA was determined according to the method of Gordon and 
Weber [15]. In brief, 2 ml of culture supernatant of test strain was mixed with 100 |J.1 of 
10 mM orthophosphoric acid and 4 ml of reagent (Iml of 0.5 M FeCls in 50 ml of 35% 
HCIO4), and incubated at room temperature for 25 min. The absorbance of pink colour 
developed was read at 530 nm, and lAA concentration determined using a calibration 
curve of pure lAA, following the linear regression analysis. 
2.4. Determination of phosphate solubilizing activity 
The strain NJ-101 was spot inoculated on Pikovskaya medium [16], containing 
tricalcium phosphate [Ca3(P04)2], and incubated at 30''C for 7 days. The development of 
a clear zone at the inoculation site on the culture plates was considered as an index of 
phosphate solubilization. The quantitative spectrophotometric analysis of the soluble 
phosphate was performed according to the method of King [17]. 
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2.5. Detection of siderophores and hydrogen cyanide (HCN) production 
The siderophore production by isolate NJ-101 was determined by chrome azurole S 
(CAS) assay [18]. Cultures of the isolates were raised in M9 minimal medium [19] at 
30°C to a density of 10 c.f.u.mr . Moreover, the cyanogenic activity was demonstrated 
on King's B agar medium supplemented with glycine (4.5 gl"') or without glycine, 
according to the method of Lorck [20]. The amount of HCN produced was quantitated 
following the method of Lambert et al. [21]. The soil isolates NJ-15 and NJ-10 [12] were 
used as positive and negative controls, respectively. 
2.6. Assessment of anti-fungal activity in vitro 
The antagonistic ability of the isolate was determined against different strains of 
phytopathogen Fusarium as described earlier [12]. Broth cultures of the fungi (10^ 
c.f u.ml"') were plated on the surface of King's B agar plates. A small well (4 mm x 2 
mm) was cut in the plate and 0.1 ml of test culture was added. Antibiosis of isolate NJ-
101 against the flingal pathogens was assessed based on inhibition zone size after 4 days 
of incubation at 30 C. 
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3. Results and discussion 
3.1. Characterization of isolate NJ-101 and assessment of its biodegrading capability 
Bacterial isolates with the inherent ability of degrading carbofuran were obtained 
from sandy-loam soil with a history of pesticide application. Out of 125 isolates, the 
strain NJ-101 has been specifically chosen based on its relatively higher growth 
efficiency and enhanced tolerance up to 200 ppm carbofiiran in mineral salt medium. The 
isolate produced large, irregular colonies releasing diffiisible fluorescent pigment on 
nutrient agar plates. The fi-eshly grown culture shows the positive tests for gelatin, 
oxidase and catalase, and exhibited the ability of utilizing sucrose, glucose and citrate. On 
the basis of the morphological and biochemical characteristics, the isolate has been 
presumptively identified as Pseudomonas sp. Substantial growth of the isolate NJ-101, 
both in the MS medium and nitrogen-free MS medium supplemented with 200 ppm 
carbofiiran suggests the ability of isolate to utilize carbofiiran as the sole source of carbon 
and nitrogen. Fig. 1 shows the kinetics of carbofiiran degradation in soil microcosm. The 
data exhibit almost complete transformation of carbofiiran with in 40 days of incubation 
at 30*^0. The degradation isotherm demonstrates the time-dependent disappearance of 
carbofiiran with the rate constant as 0.035 d'' following the first-order rate kinetics. 
However, the parallel control comprised of sterilized soil, containing identical amount of 
carbofiiran, does not exhibit any carbofiiran degradation. 
3.2. Plant growth promoting potential of isolate NJ-101 
The isolate NJ-101 grown in mineral salt medium supplemented with 0.5 % glucose 
and 500 [igmf' of tryptophan exhibits substantial production of lAA (Fig. 2). A linear 
increase in the intensity of pink colour developed was noticed at 530 nm. The data 
revealed a time-dependent increase in lAA production with 11.4 ugml' of lAA released 
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in culture medium after 10 days of incubation at 30^C. These results concur with the 
earlier observations indicating induction of lAA production in stationary phase of culture 
[22], probably due to delayed induction of key enzyme of lAA biosynthesis pathway. 
Several plant growth promoting rhizobacteria are known to secrete lAA into culture 
media, and have been shown to stimulate the plant growth [23, 24]. Interestingly, the 
formation of a clear zone on the Ptkovskaya medium (pH 7.0) after 7 days of incubation 
at 30°C (Table 1, panel-C), unequivocally suggests the phosphate solubilizing potential of 
the isolate. The quantitative analysis confirmed the release of 74.6 ngmf' soluble 
phosphate fi-om tri-calcium phosphate in the medium with a significant transition in pH 
of the medium from pH 7.0 to 3.8, due to acid production. This is in accordance with the 
earlier studies demonstrating the production of organic and inorganic acids by phosphate 
solubilizing microorganisms [13, 25]. Thus, substantial production of both the LAA and 
phosphate solubilization by the isolate NJ-101 clearly suggests its inherent plant growth 
promoting potential. 
3.4. Biocontrol activity of isolate NJ-101 
Significant production of siderophore by isolate NJ-101 is shown in Table 1 (panel-
D). Appearance of yellow colour zone surrounding the inoculum on CAS agar plates 
clearly reflects the siderophore production. The role of siderophores in the biocontrol of 
soil borne phytopathogens is well docimiented [26]. This low molecular weight 
biomolecule is known to act as a growth factor, and also exhibits potent antimicrobial 
activity. Fig. 3 shows the growth suppressing activity of isolate NJ-101 against a range 
of phytopathogenic Fusarium species on King's B medium. The specific fimgal strains 
used in this study are the common infestants of the vegetable and legume crops in the 
agro-climatic conditions of the study region. The formation of variable size (1.2 - 1.8 
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mm) zones of inhibition suggest differential sensitivity of the isolates in the order as 
Fusarium oxysporum f sp. lentil > Fusarium udum > Fusarium oxysporum f sp. ciceri > 
Fusarium solani. Furthermore, the isolate demonstrated significant cyanogenic activity. 
Table 1 (panel-B) shows the qualitative results indicating the transition in colour of filter 
paper, soaked with 1% solution of picric acid and 2% sodium carbonate, from yellow to 
brown on King's B medium. Quantitative data revealed the release of 13.7 and 3.5 ixgml"' 
of HCN in presence and absence of glycine (Table 1). The amino acid glycine acts as a 
metabolic precursor and stimulates HCN production [27], which is considered as one of 
the factors contributing inbiocontrol of phytopathogens. This study, therefore, elucidates 
the multifarious role of isolate NJ-101 with concurrent biocontrol, plant growth 
promoting, and pesticide bioremediation potential. Owing to its wide action spectrum, the 
indigenous isolate could serve as a proficient bioinoculant for controlling the region-
specific environmental and agronomic problems. 
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Legends 
Figure 1 Rate of disappearance of carbofiiran in soil microcosm augmented with pure 
culture of carbofiiran degrading Pseudomonas strain NJ-101. The amount of 
carbofiiran remaining in amended soil at different time points was estimated 
by HPLC analysis. The inset shows the percent degradation of carbofiiran as a 
fimctionof time. 
Figure 2 Production of indole acetic acid by strain NJ-101. The absorbance of pink 
color developed at 530 nm was plotted as a fiinction of time. The amount of 
lAA produced is shown in the inset. The plots represent as: ( • ) , strain NJ-
101, and (•) and (A) as negative and positive controls, respectively. 
Figure 3 Anti-fiingal activity of strain NJ-101 against different strains of 
phytopathogenic Fusarium sp. 
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Table 1 
Morphology and biochemical parameters showing auxiliary biological activities of isolate 
NJ-101. 
Bacterial morphology 
(100 X, oil emulsion) 
HCN production 
(^gml-') 
Ct {-)Gly{+)Gly 
Phosphate 
solubilization 
(^gmr') 
Siderophore 
production 
Pseudomonas sp. (NJ-lOl) 0.0 3.5 13.7 74.6 ND 
\y 
^-- V / A , 
/ ^ • . ^ ^ * -
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PREFACE 
IV 
Soil is an extremely dynamic and complex system, exhibiting continuous interactions 
between the soil biota and abiotic components. In this natural process, the soil 
microbial diversity is regarded as one of the major factors responsible for the 
geochemical and biochemical transformations including degradation of xenobiotic 
compounds in soil. Lately, it has been realized that increased industrial and 
agricultural activities are causing serious environmental problems leading to soil 
quality deterioration and ecological imbalance. Indeed, the extensive and 
indiscriminate use of synthetic chemicals in crop protection, veterinary and public 
health domains results in contamination of soil and ground water reservoirs. It is 
speculated that the incessant application of agrichemicals in soil may stimulate the 
development of indigenous bacteria with enhanced biodegradation capabilities. 
Besides, the screening of soil bacteria with irmate potential of producing one or more 
secondary metabolites, viz. phytohormones, siderophores, organic acids and anti-
ftingal substances may help develop the beneficial bacteria with the additional traits 
for exploitation as 'super-bioinoculants'. 
The response of bioinoculants is not optimum in all soil-types, and thus it varies with 
the regional agro-climatic conditions. Therefore, it is desirable to exploit the native 
bacterial population after proper identification and characterization for development of 
crop and region specific super-bioinoculants for parallel control of fungal plant 
diseases, plant growth promotion, soil decontamination and improvement of soil 
quality. To test this hypothesis, the investigations have been carried out with the aim 
to (i) isolate, characterize and identify the indigenous soil bacteria with specific 
agrichemical degrading ability, (ii) examine the selected isolates for the multifarious 
biological activities, and (iii) validate the suitability of some of the isolates for their 
application as super-bioinoculants. The development of effective microbial inoculants 
for environmental clean-up from noxious pollutants is a priority area, and regarded as 
a subject of extensive investigation. The microorganisms with multifarious biological 
activities could be employed as an eco-friendly and cost-effective substitute for the 
synthetic chemicals in addition to their role in soil bioremediation. This theory is now 
gaining credence and there is an apparent shift towards non-chemical strategies for 
promoting the bioremediation and integrated pest management (IPM) or integrated 
disease management (IDM). 
This study provides valuable genetic resource for developing efficient bacterial 
inoculants with innate multifarious activities viz. biodegradation of selected 
agrichemicals in soil, plant growth promotion, and biocontrol activit}' against common 
soil borne phytopathogenic fiingi. Thus, with the development of such broad-spectrum 
microbial inoculants and increasing awareness among the farmers, a great potential for 
promotion and commercialization of such bioinoculants is envisaged. The significance 
and impact of this study encompasses the use of these super-bioinoculant strains as an 
entity or in consortium for tackling the plant pathological, agronomic and 
environmental problems simultaneously. 
The first chapter of this dissertation presents an overview of different facets 
investigated in this study with emphasis on review of literature on the selected 
agrichemicals viz. 2,4-dichlorophenoxyacetic acid (organochlorine herbicide) phorate 
(organophosphate insecticide) and carbofuran (carbamate insecticide) commonly used 
VI 
in the region, and significance of beneficial soil microflora in pollution abatement, and 
integrated nutrient and pest management. 
The second chapter describes the composition of media and buffers, and also some 
general methodology. 
The third chapter deals with the studies on the biodegradation of selected 
agrichemicals. This includes the (i) isolation of indigenous bacterial strains from 
agricultural soil, as well as characterization and identification based on their 
biochemical and molecular characteristics, (ii) growth kinetics of bacteria in 
agrichemical supplemented medium as sole carbon and/or nitrogen sources, (iii) 
degradation kinetics of agrichemicals in bioaugmented soil microcosms, (iv) antibiotic 
sensitivity profile of degraders isolates, (v) plasmid isolation and molecular size 
determination, and (vi) development of plasmid cured derivatives of degrader strains. 
The fourth chapter describes the multifarious biological activities demonstrated by the 
agrichemical degrading bacterial strains (described in chapter - III). This chapter 
includes the studies on the (i) phosphate solubilization, (ii) indole acetic acid 
production, (iii) siderophore production, and (iv) anti-fungal activities of the 
agrichemical degrading bacteria. Besides, the capacity of root colonization, 
rhizosphere competence, UV resistance, and the plant growth promoting activity of 
degrader strains have been discussed. 
In the last, the bibliography is documented. 
ABSTRACT 
vn 
The use of microorganisms for biodegradation of agrichemicals in soil has been a 
priori regarded as an area of considerable interest, owing to their enormous potential 
for environmental clean-up. This study is based on the premise that screening of 
beneficial bacteria possessing enhanced biodegradation capabilities in conjunction 
with some additional traits viz. phytohormones, siderophores and organic acids 
production may help provide certain strains with broad action-spectrum. Such 
bacterial strains could be referred as 'super-bioinoculants'. The identification of these 
bacterial inoculants and soil bioaugmentation with them can considerably reduce the 
magnitude of chemical input for increasing the crop yield and protection besides 
bioremediation of contaminated sites. Thus, the isolation, characterization and 
identification of such indigenously effective agrichemical degrading bacteria with 
auxiliary biological activities are perceived as a viable and cost-effective approach for 
developing a genetic resource. 
In this study, the indigenous bacteria have been isolated from agricultural soil of 
Aligarh district (27° 29' latitude and 77° 29' longitude) in India. The isolates were 
screened for selection of efficient strains performing agrichemical degradation, and 
exhibiting innate potential of auxiliary biological activities. The soil in the test region 
has been characterized as sandy-loam, consisting of fine-sand (50 to 57 %), medium-
sand (12.3 to 15 %), coarse-sand (2 to 10 %), sih (19.9 to 25.7 %) and clay (3 to 3.1 
%). The physico-chemical analysis suggested the alkaline nature of soil with marginal 
seasonal variations in the pH values. Furthermore, the perceptible seasonal variations 
were noticed in soil temperature, moisture content, water holding capacity and 
distribution of soil microflora. Using the enrichment culture technique, eight efficient 
VIU 
isolates designated as NJ-10, NJ-15, PS-1, PS-2, PS-3, NJ-101, NJ-115 and NJ-125 
have been screened out of a total 850 isolates, based on their potential of utilizing 
agrichemicals as sole carbon and/or nitrogen sources. The agrichemicals chosen for 
this investigation were 2,4-D, phorate and carbofuran considering their widespread 
application in the test region and associated health hazards. 
The bacterial isolates were characterized on the basis of their morphological, 
biochemical and genetic characteristics. The morphological studies suggested all the 
eight isolates as aerobic and Gram-negative rods. The scaiming and transmission 
electron microscopy demonstrated the rod shaped bacteria of variable sizes (1.01 ^m 
to 1.65 [xm) with either a polar and/or clusters of flagella on cell surface. The 
biochemical and phylogenetic analysis based on 16SrDNA sequences, suggested the 
identification of the strains as: NJ-10 {Pseudomonas putida), NJ-15 {Pseudomonas 
aeruginosa), PS-1 {Rhizobium sp), PS-2 {Pseudomonas putida), PS-3 {Proteus sp.), 
NJ-101 {Pseudomonas aeruginosa), NJ-115 {Pseudomonas putida) and NJ-125 
{Pseudoxanthomonas mirabilis). The strains NJ-10, NJ-15, NJ-101, NJ-115, NJ-125 
and PS-2 were found to be the members of group Proteobacteria, fluorescent sub-
group gamma. However, the strains PS-1 and PS-3 were the members of the families 
Rhizobiaceae and Enterobacteriaceae, respectively. Sequence alignment of 16SrDNA 
partial amplicons with the database sequences suggested 95 to 99 % similarity. 
The strains NJ-10 and NJ-15 exhibited substantial growth in mineral salt medium 
supplemented with 5 mgml" of 2,4-D as a sole source of carbon and energy. Similarly, 
the strains PS-1, PS-2, and PS-3 showed significant growth in mineral sah medium 
containing 200 iigmf' phorate as a sole carbon source. The strains NJ-101, NJ-115 
IX 
and NJ-125 also demonstrated growth both in the mineral salt medium and nitrogen-
free mineral salt medium supplemented with 200 ^lgm^' carbofiiran, as a sole source 
of both the carbon and nitrogen. The generation times for strains NJ-10 and NJ-15 
were determined to be 53 and 54 min, respectively in the medium supplemented with 
5 mgml"' 2,4-D. Moreover, the generation times for strains NJ-101, NJ-115 and NJ-
125 were estimated as 51.4, 83 and 54 min with the maximum growth rates (Umax) as 
1.16, 0.92 and 0.52 h'', respectively in nutrient broth supplemented with 200 ngml"' 
carbofuran. Similarly, the maximum growth rates (Umax) of the strains PS-1, PS-2 and 
PS-3 in nutrient broth supplemented with 200 iigml"' phorate were determined to be 
0.52,0.90 and 0.97 h'', respectively. 
The results on the kinetics of agrichemical degradation indicated (i) 96.6 and 99.8% 
degradation of 2,4-D in soil microcosm bioaugmented with NJ-10 and NJ-15, with in 
20 days at 30°C, following the first-order kinetics and the rate constants as 0.084 and 
0.112 d"\ (ii) 98 % degradation of phorate with in 40 days at 30°C at the rate constants 
as 0.04, 0.05 and 0.04 d"^  with strains PS-1, PS-2, and PS-3 following the first-order 
rate kinetics, and (iii) almost 100 % degradation of carbofuran with in 40 days at 30°C 
with the rate constants as 0.035, 0.038 and 0.045 d'^  following the first-order rate 
kinetics. Analysis of degradation data revealed the differential rates of agrichemical 
dissipation in soil in the order as 2,4-D>carbofuran ~ phorate based on the half-lives 
(ti/2) of 10, 20 and 20 days, respectively. 
All the eight-degrader strains exhibited multiple antibiotic resistance. The results 
showed that 62.5% strains were resistant to eight antibiotics. Moreover, three clusters 
each of 12.5 % strains exhibited resistance to seven, six and two antibiotics. The 
frequency of resistance was highest for £impicillin and novobiocin followed by 
cloxacillin, methicillin, nalidixic acid, chloramphenicol, tetracycline and 
deoxycycline. Interestingly, the strains NJ-15 and NJ-101 also exhibited resistance 
against rifampicin. Since most of the drug resistance markers are mapped on plasmids, 
therefore, the degrader strains were also assessed for the presence of plasmids. The 
agarose gel electrophoresis revealed the presence of plasmid molecules in all test 
strains and their molecular sizes were estimated. The plasmids pNJlO and pNJ15 
isolated from strains NJ-10 and NJ-15, respectively were found to be 21.5 and 21.2 Kb 
in size. The molecular sizes of plasmids pPS-1, pPS-2 and pPS-3 were determined to 
be 23.2, 22.7 and 22.9 Kb, respectively. Moreover, the molecular sizes of plasmids 
from carbofuran degrading strains designated as pNJ-101, pNJ-115 and pNJ-125 were 
found to be 41.4, 38.0 and 41.0 Kb, respectively. Treatment of plasmid harboring 
strains with acridine orange resulted in disappearance of selected traits such as 
ampicillin resistance and fluorescence pigmentation. The loss of fluorescent pigments 
was invariably observed in all Pseudomonas strains tested, except the strains PS-1 
{Rhizobium sp.), PS-3 {Proteus sp.) and NJ-125 {Pseudoxanthomonas mirabilis). 
Besides, the perceptible changes were observed in the colony morphology of the cured 
derivatives vis-a-vis their wild-type counterparts. 
In addition to biodegradation of agrichemicals, the isolated strains concurrently 
exhibited a variety of auxiliary activities, viz. indole acetic acid (lAA) and siderophore 
production, phosphate solubilization as well as anti-fungal activity against common 
phytopathogenic fungi. The estimation of lAA in culture filtrates at different time 
intervals between 2 to 10 days showed a linear time-dependent increase in lAA 
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production in the late exponential and/or stationary phase. The strains were also found 
producing variable amounts of siderophores. Appearance of yellow to reddish-brown 
color zones of variable sizes (10.1 to 17.6 mm) surrounding the inoculum were 
recorded as an index of siderophore production after 48 h of incubation at 30°C. 
Siderophore production was validated by FeCb test and CAS liquid assay based on 
spectrophotometric measurement of absorbance at 630 nm. The degrader strains also 
showed significant solubilization of tri-calcium phosphate in Pikovskaya's medium. 
The efficiency and extent of phosphate solubilization of strains were found to be in the 
order as NJ-15> PS-1> NJ-101>PS-3>NJ-10>PS-2>NJ-115. The quantitative analysis 
revealed the release of 92 and 44.5 [igml'' soluble phosphates in the medium with 
strains NJ-15 and NJ-10, respectively with in 8 days of incubation at 30°C. The strains 
PS-1, PS-2 and PS-3 released 105, 92 and 98 i^gm^• of soluble phosphate in the 
cultures, respectively. Moreover, the strains NJ-101 and NJ-115 produced about 76.4 
and 44.2 ngml"' of soluble phosphate after 8 days of incubation. 
Interestingly, some of the degrader strains also demonstrated the antagonistic activity 
against a range of phytopathogenic fungi on King's B medium under in vitro 
conditions. Particularly, the strain NJ-15 exhibited remarkable growth inhibitory 
activity against several phytopathogenic fungi viz. Fusarium oxysporum f. sp. lentil, 
Fusarium f. sp. udum, Fusarium oxysporum f sp. ciceri, Fusarium solani, 
Trichoderma harzianum, Alternaria alternata and Macrophomina phasiolina. Also, 
the strain NJ-101 showed the growth suppressing activity against a range of 
phytopathogenic Fusarium species on King's B medium. The formation of variable 
size zones of inhibition (1.2 to 1.8 mm) suggested differential sensitivity of the strains 
xn 
in the order as Fusarium oxysporum f sp. lentil>Fusarium f. sp. udum>Fusarium 
oxysporum f. sp. ciceri>Fusarium solani. Besides, a limited antagonistic effect of 
strains PS-3 and NJ-10 against a phytopathogenic fungi Fusarium oxysporum f. 
sp.udum was observed. The results of scanning electron microscopy showed the cell 
wall lysis of the fungal hyphae by the test strains. The electron micrographs revealed 
the alterations in fungal morphology in a time-dependent maimer upon interaction 
with strains NJ-15 and NJ-101. Distortions in mycelium were initiated after 6 h 
incubation followed by enhancement in bacterial population on hyphae cell wall. 
Extensive damage was noticed after 72 h interaction, and the walls of hyphae appeared 
lysed and hollow, presumably due to loss of cytoplasmic material. 
Amongst the eight agrichemical degrading bacterial strains, the most efficient strains 
NJ-15 (Pseudomonas aeruginosa) and NJ-101 (Pseudomonas sp.) were assessed for 
rhizospheric competence, root colonization and biocontrol ability. The increase in the 
population density of the inoculant strains NJ-15 and NJ-101 by 44 and 46.8-fold, 
respectively on root surface after 60 days post-planting suggested significant root 
colonizing ability of the strains. These strains also demonstrated coexistence with 
indigenous soil microflora and resistance to UV (310 nm) radiations. Application of 
strains NJ-15 and NJ-101 as bioinoculants demonstrated the potential of plant growth 
promotion with concurrent suppression of Fusarium wilt disease in pigeonpea grown 
in disease-conducive soil. The test strains NJ-15 and NJ-101 significantly contributed 
in increasing the root length, shoot length and fresh and dry weights of shoot and roots 
after 30 and 60 days of post-planting. 
Xlll 
Thus, the demonstrated agrichemical biodegradation with collateral phosphate 
solubilization, lAA and siderophore production, as well as specific anti-fungal activity 
elucidated the multifarious traits of the strains for their possible exploitation as eco-
specific super-bioinoculants. The indigenous isolates with these beneficial traits, 
acquired under a natural selection process, could be utilized for developing 
bioinoculants specific to crop and agro-climatic conditions. Owing to the wide action-
spectrum, these primary degrader strains could be exploited individually or in 
consortium for controlling the region-specific environmental and agronomic problems, 
simultaneously. 
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CHAPTER"! 
Review of Literature 
Agrichemicals: A Historical Perspective 
The use of agrichemicals for controlling the insect pests and weeds dates back to the 
ancient Romans. During 16* century, the mixture of honey and arsenic has been 
exploited for controlling ants. Subsequently, moderate amounts of arsenical 
compounds have been used as insecticides in China. Later, in the year 1705, the 
mercuric chloride and copper sulphate have been introduced as a wood preservative 
and smut spores inhibitor, respectively. Bordeaux mixture, developed in the year 
1885, has been used to control the downy mildew of vine. In addition, several 
inorganic compounds viz. the copper arsenite (Paris green), calcium arsenate, lead 
arsenate, nicotine sulfate and sulfur have been promoted for controlling insect pests 
in field crops (Klassen et al, 1982). However, the extensive application of arsenical 
insecticides caused widespread public dismay due to their toxic residues detected in 
fruits and vegetables. This stimulated the quest for less hazardous pesticides and, 
therefore, the organic compounds such as tar, petroleum oils and dinitro-o-cresol 
have been introduced. Eventually, the compound dinitro-o-cresol replaced the tar oil 
for control of aphid eggs, and was patented as a selective herbicide against weeds in 
cereals crops. Gradually, with the exception of sulfur, all inorganic chemicals were 
almost completely substituted by synthetic organic pesticides. The era of modern 
organic pesticides started with the synthesis of the alkylthiocyanate insecticides as 
well as saliyanilide and dithiocarbamate fungicides for controlling a range of 
pathogenic fungi causing the scabs and rots of fruits, and potato blight. Also, the 2,4-
dinitro-6-(rmethyl-n-heptyl)phenylcrotonate or dinocap and chloranil (tetrachloro-
1,4-benzoauionine) have been developed in the year 1938, as protectant fungicides 
against powdery mildew. Furthermore, the dichloro-diphenyl-trichloroethane (DDT) 
has been discovered as a powerful insecticide for control of louse-borne typhus and 
malaria-carrying mosquitoes (http://www.kppc.org/ about/services/PBT/ddt.cfm). 
Besides, certain organic compounds viz. azobenzene, ethylene dibromide, ethylene 
oxide, methyl bromide and carbon disulphide were developed as fumigants. The 
insecticidal properties of hexachlorocyclohexane have been recognized in the year 
1942, and prompted the emergence of several insecticidal chlorinated hydrocarbon 
compounds, such as phenothiazine, p-dichlorobenzene, naphthalene, and 
thiodiphenylamine (Brooks, 1974). However, the discovery of the organophosphates 
as a second most powerful group of insecticides has led to the replacement of 
organochlorines. The development of organophosphates stemmed from wartime 
research on nerve gases, which resulted in the formulation of powerful insecticides 
such as schradan (octamethylpyrophosphoramide) and malathion. Another, closely 
related group of insecticides discovered in the year 1947 belongs to the carbamate 
esters. Simultaneously, the herbicidal phenoxyacetic acids viz. 2-methyl-4-
chlorophenoxyacetic acid (MCPA) and 2,4-dichlorophenoxyacetic acid (2,4-D) were 
discovered at Imperial Chemical Industries, England. These compounds can be 
easily translocated in plants, and are extensively used for the selective control of 
broad-leaved weeds in cereal crops. Furthermore, the bipyridinium herbicides, diquat 
and paraquat were introduced in the year 1958 as fast acting herbicides, which could 
be readily absorbed by plants, causing desiccation of the foliage. Since then, several 
new formulations of chemicals including synthetic pyrethroid, systemic fungicides 
such as oxathiins, benzimidazoles, thiophanates and pyrimidines, certain antibiotics. 
triazoles, and strabulurins have been developed and recommended for controlling 
various types of newly emerging pests, microorganisms and weeds. 
Global Distribution and Use of Agrichemicals 
Agrichemicals have made significant contribution in agricultural productivity world 
over. Their application is regarded as the most effective and accepted means of plant 
protection. In the last several decades, the use of pesticides has grown steadily at the 
rate of 11 % per annum (Carvalho et al, 1998). In United States alone, the pesticide 
usage in agriculture has increased by 3 3-fold {www, orst. edu/instructions. com/biS 01 
/navigate.htm). About three quarters of the total agrichemicals are reported used in 
developed countries, mainly in North America, Western Europe, and Japan. 
Although, the amount of agrichemicals being used in developing countries is 
relatively smxall as compared with the developed nations, it is nonetheless substantial 
and growing rapidly. 
The global distribution profile of agrichemical usage is depicted in Fig. 1. In recent 
years, there has been a boom in the global agrichemical market, and new 
insecticides, herbicides and fungicides and their formulations are continuously being 
introduced with greater levels of activity. The data revealed that in the United States 
about 62 % of planted acreage is treated at least annually with some kind of 
pesticides (www.orst.edu/mstructions.com/bi301/navigate.htm). As compared to 
developed nations, some Asian countries are also the potential users of 
agrichemicals. Therefore, the total sale of agrichemicals in the Asian region has 
Japan 
Europe 
Developing nations 
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North America 
Fig. 1: Global distribution of agrichemicals 
grown from US$ 5.0 billion in 1983 to almost US$ 8.0 billion in 1998, and the 
amount is expected to reach US$ 10.3 billion in 2003 (ESCAP, 2000). Over all, the 
global market is estimated to be around US$ 17.5 billion, which is likely to increase 
to US$ 27 billion by the year 2005. 
The production of agrichemicals has started in India in the year 1952 with the 
establishment of a production plant of hexachlorocyclohexane (BHC) near Calcutta. 
Currently, India is the largest manufacturer of agrichemicals in South-East Asia and 
South Africa, and ranks twelfth globally (Mathur, 1999). Production of technical 
grade pesticides exhibited consistent growth in India from 5,000 metric tones (MT) 
in 1958 to 100,000 MT. Out of the total 145 registered pesticides, about 85 % of 
technical grade pesticides are being manufactured in India. An estimated demand for 
pesticides in terms of value is around Rs. 22 billion, which is about 2 % of the total 
world market. The major consumption of agrichemicals in India is for cotton crops 
(45 %), followed by paddy and wheat. Thus, the pattern of agrichemical usage in 
India is different from rest of the world. The data in Fig. 2 exhibit that in India 76 % 
of the pesticide used are insecticides as compared to its 44 % usage globally 
(Mathur, 1999), However, India spends $3/ha on agrichemicals as compared with $ 
24, $ 255 and $ 633/ha being invested by Philippines, South Korea and Japan, 
respectively {www.teriin.org/news/terivsn/issue31/pesticid.htm). In spite of the 
comparatively low use of agrichemical in India, the extent of contamination of 
produce and food products with pesticide jesidues in the country is alarming. About 
20 % of the food products reportedly contain pesticide residues above tolerance level 
as compared to only 2 % globally. Of all the agrichemicals used in India, about 40 % 
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Fig. 2: Pattern of agrochemical consumption in india and abroad. 
(The values represent the amount of specific agrochemicals in terms of percentage) 
are organochlorines and 30 % are organophosphates. Some of the highly hazardous 
pesticides viz. monocrotophos, phorate, phosphamidon, ethion, m.ethyl parathion and 
dimethoate are continuously and indiscriminately being used in India 
(www.teriin.org/news/terivsn/issue31/pesticid.htm). Most of these chemicals are 
either harmed in other countries and/or in process, pending the risk assessment 
reports. 
Class i f i ca t ion o f Agr i chemica lS : The major categories of agrichemicals 
are summarized in Table 1. The important properties of the representative 
agrichemicals investigated in this study are presented as under: 
Organochlorines 
'Organochlorine' is a broad term used to describe the group of agrichemicals 
essentially consists of polychlorinated hydrocarbons. Zeidler (1873) reported the 
synthesis of chlorinated hydrocarbons including dichloro-diphenyl-trichloroethane 
(DDT), and its derivatives p-p'-DDT, and 4,4-DDT. Later, MuUer (1940) elucidated 
the insecticidal properties of these compounds. The effectiveness of DDT has been 
established for control of insects and was commercialized as 'gesarol'. It exhibits 
moderate mammalian toxicity with LD50 of 150 mgkg' in rats. DDT is a stable 
compound and shows high persistence in plants, soil and water. Consequently, it is 
now banned for agricultural use in India and all developed countries. DDT can be 
readily synthesized by condensing chlorobenzene with trichloroacetaldehyde 
(chloral) in the presence of sulphuric acid. Its unsubstituted analogue demonstrates 
Table 1: The major groups of agrichemicals. 
Agrochemicals 
Organochlorines 
Organophosphates 
Carbamates 
Phenoxyacetic acids 
Pyrethroids 
Types 
Insecticide 
Acaricide 
Fungicide 
Insecticide 
Acaricide 
Fungicide 
Insecticide 
Acaricide 
Herbicide 
Insecticide 
Examples 
DDT 
Aldrin 
Dieldrin 
Lindane 
Chlordane 
Heptachlor 
Hexachlorobenzene 
Pentachlorophenol 
Schradan 
Parathion 
Malathion 
Phorate 
Carbaryl 
Propoxur 
Aldicarb 
Methomyl 
2,4-D 
2,4,5-T 
Fenpropanthrin 
Deltamethrin 
Cypermethrin 
Effects 
Persistent, bioaccum-
ulative, affect the 
ability to reproduce, 
develop, and to 
withstand environm-
ental stress by 
depressing the 
nervous, endocrine 
and immune systems 
Non-persistent, syste-
mic (cholinesterase-
inhibiting), not very 
selective, toxic to 
human. 
Non-persistent, chol-
inesterase -inhibiting. 
not very selective. 
toxic to birds and 
fish. 
Selective effects on 
humans and mam-
mals are not well 
knovm. 2,4-D 
exhibits potential to 
cause cancer in 
laboratory animals. 
2,4,5-T is a source of 
a toxic contaminant 
dioxin. 
Target-specific: more 
selective than the 
organophosphates or 
carbamates. 
Generally not acutely 
toxic to birds or 
mammals but 
particularly toxic to 
aquatic species 
http://www.parl.gc.ca/infoComDoc/36/21/ENVI/Studies/Reports/enviOl/10-ch 3-f.html 
much lower activity while the hydroxy derivative is inactive. The dichloroethyl and 
methoxychlor analogues (TDE) have been commercially successful due to their 
extremely low mammalian toxicity. Benzene can also be chlorinated to yield a 
mixture of isomeric hexachlorobenzene commonly referred as hexachlorobenzene 
(HCB). Likewise, there are hundreds of chlorinated compounds of agricultural 
significance. In this study, an organochlorine compound 2,4-dichlorophenoxyacetic 
acid (2,4-D) has been specifically chosen based on its excessive application as a 
post-emergence herbicide in agricultural fields in the test region, for biodegradation 
studies. 
Why 2,4-Dichlorophenoxyacetic acid (2,4-D) Has Been Chosen? 
2,4-D is a selective, post-emergence and systemic herbicide used for control of many 
annual broad-leaf weeds in cereals and sugarcane plantation (Airoldi and Prado, 
2002). It is the most commonly used residential lawn-care herbicide (Aspelin et al, 
1991). The general structure of 2,4-D is shown in Fig. 3. It exhibits hormonal 
activity at low concentrations and acts as an herbicide at higher concentrations 
(Zimmermann and Hitchcock, 1942). Excessive use of this herbicide owing to its 
high efficacy and low acute toxicity has made it a major environmental pollutant 
(Munro et al. 1992; Charles et al, 1999). The half life of 2,4-D in the environment 
is relatively short, averaging 10 days in soils, and less than ten days in water. 
However, it can persist longer in cold and dry soils, or if the appropriate microbial 
community is not present to facilitate degradation. In the environment, most of its 
CI <, >—O—CH2—COOH 
CI 
Fig. 3: Structure of 2,4-Dich.lorophenoxyacetic acid 
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formulations are degraded to the anionic form. The characteristics of this compound, 
its interaction with soil components and genetics of its degradation are summarized. 
Physical and Chemical Properties of2,4-D 
The chemical analysis revealed the proportion of carbon, hydrogen and oxygen as 
63.15, 5.3 and 31.55 %, respectively. The molecular weight of 2,4-D is 221.04. The 
specific physical and chemical properties are shovm in Table 2. The formulations 
available are either in the form of esters emulsified in oil or water-soluble amine or 
other salts. 
Mode of Action 
2,4-D is an "auxin mimic" or synthetic auxin. It kills the target weed by mimicking 
the plant growth hormone auxin. Its mechanism of action is complex, that at low 
concentration it promotes plant growth, where as, at higher concentration it promotes 
the various biochemical activities, eventually killing the plant (Chrispeels and 
Hanson, 1962). Indeed, the 2,4-D stimulates the RNA, DNA, and protein synthesis 
leading to uncontrolled cell division and growth. It also acidifies the cell wall and 
ultimately causes the vascular tissue destruction. Chrispeels and Hanson (1962) 
reported doubling of RNA content in soybean hypocotyls. The primary site of action 
of 2,4 D is nucleus, where it induces chromosomal aberrations in sensitive plants 
(Key et al, 1966). O'Brien et al. (1968) demonstrated that 2,4-D promotes the 
synthesis of RNA polymerase in soybean hypocotyls and suggested its influence at 
the gene level. Indeed, it affects all types of RNA molecules as well as ribonucleases. 
Table 2: Physical and chemical properties of 2,4-D, 
Properties Specifications 
Chemical name 
Chemical family 
Molecular formula 
Molecular weight 
Physical state 
Melting point 
Boiling point 
Specific gravity 
Solubility 
2,4-dichlorophenoxyacetic acid 
Chlorophenoxyacids 
CgHyOaClz 
221.04 
Colorless crystals 
98°C 
285.4°C 
1.565 
4.5 gl-^  
Log octanol-water partition 2.58 to 2.83 
coefficient 
13 
The selective phytotoxicity of this herbicide is based on the differential alteration of 
RNA species, interference with protein synthesis (Chen et al, 1973), and inhibition 
of oxidative phosphorylation through electron transport chain connecting the 
photosystem-I and-II (Kulandaivelu and Gnanam, 1975). 
Interaction of2,4-D With Soils 
2,4-D applied in salt or ester formulations, rapidly get converted to acid form upon 
contact with soil (Smith, 1988). The rate of dissipation fi:om soil is often the same 
regardless of the formulation of 2,4-D. Its half-live is short ranging from few days to 
several months, however, detectable residues can persist for up to a year (McCall et 
al, 1981). The cold and dry soils can hold 2,4-D residues for a significantly longer 
period (Que-Hee and Sutherland, 1981). In relatively dry soil with low bacterial 
counts, fimgi play an increasingly important role in the degradation of 2,4-D (Ou, 
1984; Han and New, 1996). In general, the dry and alkaline soils with high organic 
content have a tendency to lose 2,4-D at a much reduced rate (Que-Hee and 
Sutherland, 1981). The soil organic contents and pH are the main determinants of 
2,4-D adsorption in soils (Johnson et al, 1995a). Inorganic clay binds 2,4-D 
particles, however, a relatively high concentration of clay particle are required to 
bind small concentrations of 2,4-D (Aly and Faust, 1964). As the herbicide 
concentration increases, the herbicide adsorption decreases, possibly because the 
number of binding sites on soil particles is finite and become saturated (Johnson et 
al, 1995a). Most formulations of 2,4-D do not bind tightly with soils, and thus 
exhibit the potential to leach down into the soil column, and to move off-site in 
surface or sub-surface waters. Leaching of 2,4-D up to a depth of 30 cm has been 
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reported (Johnson et al, 1995a). In many cases, extensive leaching does not occur, 
most likely due to the rapid degradation of the herbicide (Que-Hee and Sutherland, 
1981). Nevertheless, at site where leaching is slow, the 2,4-D is reportedly more 
persistent due to reduction in microbial population at greater soil depths. It has been 
suggested that plants do not play any significant role in eliminating 2,4-D from soil 
(Johnson et al, 1995b). Therefore, its degradation is primarily through microbial 
metabolism. Thus, the soil conditions that maximize microbial population also 
maximize the degradation rates (Johnson et al, 1995a; Veeh et al, 1996). Moreover, 
the abiotic, factors including soil pH, temperature, and moisture content are also 
important parameters affecting the degradation rates of pollutants in soil. 
Dissipation Mechanisms of 2,4-D 
The possible modes of disappearance of 2,4-D from the environment include, 
volatilization, photodegradation, and microbial degradation. The herbicide 2,4-D is 
rapidly converted to the anionic form at pH>7.0, which is a more susceptible form to 
undergo photodegradation and microbial metabolism with minimal adsorption to soil 
particles. However, at pH<4.0, 2,4-D retains its molecular form and resist 
degradation (Johnson et al, 1995a). 
Volatilization 
Most formulations of 2,4-D are highly volatile. Particularly, the most volatile 2,4-D 
esters, methyl and isopropyl derivatives have been banned in the U.S. (Que-Hee and 
Sutherland, 1981). However, some volatile ester formulations of 2,4-D are still being 
commercialized. The potential for 2,4-D to volatilize increases with increasing 
15 
temperature, and soil moisture, as well as with the decreasing clay and organic 
matter content in the soil (Helling et al, 1971). To reduce the extent of vaporization, 
low-volatile (long-chain) esters have been formulated. Also, the alkali and amine salt 
formulations are much less volatile, and may be more appropriate for use, where 
esters could volatilize and damage the non-target plants (WHO, 1984). 
Photodegradation 
Photodegradation of aqueous 2,4-D occurs rapidly upon exposure to UV radiations. 
Arkhipova et al. (1997) reported 99 % decomposition of the herbicide within one 
hour of irradiation. The disappearance of 2,4-D follows the first-order rate kinetics, 
and eventually yields the completely mineralized products within a residence time of 
less than one hour with 2,4-dichlorophenol as the main photoproduct. The process 
involves C-Cl and C-0 bonds breakage with a cascade of free-radical reactions. The 
photocatalytic decomposition of 2,4-D over Ti02 and ZnO in water has also been 
demonstrated with complete materialization to CO2 and HCl (Djebbar and Sehili, 
1998). 
Microbial Degradation 
Several 2,4-D degrading bacteria distributed over many different phylogenetic 
groups have been isolated (Fulthorpe et al, 1995; Kamagata et al, 1997; McGowan 
et fl/.,1998). One of the best characterized bacteria known to degrade 2,4-D, is 
Alcaligenes eutrophus (JMP-134). Most 2,4-D degrading bacteria are copiotrophic, 
and belongs to fast-growing genera in the (3 and y sub-divisions of the Proteobacteria 
and have been classified as class-1 degraders (Kamagata et al, 1997). Ka et al. (1994 
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a,b,c) reported another group of 2,4-D degraders (class-II) that have neither tfdA gene 
homologs nor a-ketoglutarate-dependent 2,4-D dioxygenase activity. This group is 
also composed of copiotrophic, fast-growing strains in sub-division of the 
Proteobacteria, mostly belonging to the genus Sphingomonas. Fulthorpe et al. (1996) 
and Kamagata et al. (1997) reported 2,4-D degraders from non-contaminated pristine 
soils. These degraders are slow grower in contrast to class-I and-II bacteria. The 
class-Ill degraders are affiliated with the Bradyrhizobium, Agromonas, Nitrobacter, 
Afipia and cluster of oligotrophic bacteria in the sub-division of the Proteobacteria. 
The rate of 2,4-D degradation depends on warm and moist soil conditions, enhanced 
microbial populations, and concentration of 2,4-D in the environment (Foster and 
McKercher, 1973). However, under acidic conditions, microbial activity is severely 
inhibited, retarding the process of microbial degradation (Sandmarm et al, 1991). Its 
catabolism is initiated by cleavage of ether bond (Tiedje and Alexander, 1969, Evans 
et al, 1971). The ortho-hydroxylation of phenolic compound yields catechol 
byproduct (Beadle and Smith, 1984). Moreover, in addition to the aerobic and 
reductive elimination of chloride, the initial hydroxylation of 4-chloro-phenoxyacetic 
acids gives 4-chloro-2-hydroxy-phenoxyacetic acid. Also, the 2,4-D is converted 
partially to 2,4-dichloro-6-hydroxy-phenoxyacetic acid by Pseudomonas species 
(Evans era/., 1971). 
Mechanism of 2,4-D Biodegradation 
The herbicide 2,4-D has been used as a model compound to study the evolution of 
bacterial genes for catabolism of anthropogenic chemicals (Fulthorpe et al, 1995; 
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Kamagata et al., 1997; McGowan et al, 1998). Steenson and Walker (1956) reported 
the metabolic pathway of 2,4-dichlorophenoxyacetic acid and 4-chloro-2-methyl 
phenoxyacetic acid by bacteria. Further studies on the kinetics of decomposition in 
fresh soil using soil perfusion technique revealed the formation of 2,4-
dichlorophenol as an intermediate during 2,4-D breakdown (Audus, 1952). The 2,4-
dichlorophenol is further oxidized by the mixed function oxidase to yield 3,5-
dichlorocatechol (Bollag et al, 1968; Tiedje and Alexander, 1969). Steenson and 
Walker (1956) using cultures of two different 2,4-D decomposing bacteria showed 
that the bacterial oxidation of 2,4-D depends on adaptive (inducible) enzyme 
formation. Indeed, three different enzymes including two catechol 1,2 dioxygenases 
and one catechol 2,3-dioxygenase act on catechol. These enzymes utilize 3,5-
dichlorocatechol as a substrate, and convert it to 2,4-dichloromuconate. The 
muconate cyclo-isomerizing enzymes have also been reported (Hartmann et al, 
1979; Schmidt et al, 1980). The products of cyclo-isomerisation of 2-
chloromuconate and 3-chloromuconate have been identified as cis-and trans-4-
carboxymethyIenebut-2-ene-4-oIides, respectively (Schmidt et al, 1980). Both the 
cis and trans forms can be converted to maleylacetate by the action of 4-
carboxymethylenebut-2-ene-4-olide hydroxylase (dienelactone hydroxylase) 
(Schmidt et al, 1980). The last stages of metabolism such as conversion of 
chloromaleylacetate into 3-oxoadipate involving maleylacetate reductase (MARS) 
are less studied. MARS of Pseudomonas sp. B-13 (Kaschabeck and Reineke, 1993) 
and Rolstania eutropha JMP-134 (Vollmer et al, 1993; MuUer et al, 1996) have 
been shown to play a dual role during the catalytic reaction. MARS has also been 
isolated and purified from the Gram-positive strain Nocardioides simplex 3E, which 
is able to utilize the 2,4-D (Travkin et al, 1999). The elimination of chlorine atom 
from chloromaleylacetate with simultaneous reduction of maleylacetate to 3-
oxadipate resulting in the formation of Kreb's cycle intermediates is shown in Fig. 4. 
Genetics of 2,4-D Biodegradation 
Evidence suggests that numerous variants of 2,4-D catabolic genes exist, and that the 
catabolic operons consist of near random mixture of these variants (Fulthorpe et al, 
1995). Microbial degradation of 2,4-D is generally plasmid mediated (Pemberton 
and Fisher, 1977). The Pseudomonas species JMP-116 harbors a conjugative 
plasmid pRPl, which encodes the genes for 2,4-D degradation. Don and Pemberton 
(1981) reported the detailed characterization of another 2,4-D degradative plasmid 
pJP4 from Alcaligenes eutrophus JMP-134. The plasmid pJP4 has a broad host-
range. It is self-transmissible and belongs to IncP group of plasmids. This 80 Kb 
plasmid has been studied in detail and several genes have been cloned sequenced and 
analyzed by transposon mutagenesis and deletion analysis. Recently, Chaudhry and 
Huang (1988) reported a Flavobacterium sp. carrying 2,4-D degrading genes on a 45 
Kb plasmid pRClO. The Pseudomonas putida strains harboring the inducible 
plasmid pROlOl or a constitutive plasmid pRO103 have also been found to degrade 
2,4-D to 2-chloromaleylacetate (Short, 1990), However, not all the 2,4-D catabolic 
operons are found on plasmids (Ka et al, 1994; Matheson e^a/., 1996; Suwaera/., 
1996; Hogan et al, 1997). Streber et al (1987) suggested a chromosomally encoded 
meta-cleavage pathway for phenol degradation by JMP-134 strain. It was also found 
capable of degrading methyl catechol via ortho-cleavage pathway (Pieper et al, 
1985). The biochemical studies revealed that the genes tfdB, tfdC, tfdD, tfdE 
tfd A 
2 , 4 - D 
I 2, 4 - D monooxygenase 
OH 
X I 
2, 4 - dichlorophenol 
tfdB 
tfdC 
HOOC 
tfdE 
CI 
I 2 ,4 - dichlorophenol hydroxylase 
OH 
3, 5 - dichlorophenol 
I 3, 5 - dichlorophenol 1,2- dioxygenase 
COOH 
COOH 
2 ,4 - dichloromuconate 
CI 
tffl D I chloromuconate cycloisomerase 
XOOH 
^ C = 0 
-O I trans - 2 - chlorodiene lactone 
CI 
chlorodienelactone isomerase 
^ C = 0 
,0 I cis - 2 - chlorodiene lactone 
chlorodienelactone hydrolase 
,C00H 
COOH 
O 
2 - chloromaleylacetate 
CI 
Succinic acid 
Fig. 4: Degradative pathway of 2,4-D 
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encodes for 2,4-dichlorophenoI hydroxylase, dichlorocatechoi 1,2 dioxygenase, 
chloromuconate cycloisomerase and chlorodienelactone hydroxylase, respectively 
(Don and Pemberton, 1985). The tfd genes oi Ralstonia eutropha JMP-134 are the 
only well-characterized set of genes responsible for 2,4-D degradation. A new family 
of 2,4-D degradation genes, cad RABKC have been cloned and characterized from 
Bradyrhizobium sp. strain HW13. This strain has been isolated from a buried 
Hawaiian soil that has never been exposed to any anthropogenic chemicals. The 
cadR gene encodes an AraC/XylS types of transcriptional regulators as deduced from 
the amino acid sequence. The cadABC genes encode for 2,4-D oxygenase subunits. 
Based on the amino acid sequence homology of 46, 44, and 37 %, the identity of the 
TftA and TftB subimits of 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) oxygenase of 
Burkholderia cepacia AC 1100 and a putative ferredoxin of Rhodococcus 
erythropolis NI86/21, respectively have been deduced. These genes are entirely 
different from the 2,4-D dioxygenase gene {tfdA) ofR. eutropha JMP-134. The cadK 
gene presumably encodes for a 2,4-D transport protein based on 60% similarity of 
the amino acid sequence wdth the 2,4-D transporter (TfdK) of strain JMP-134. The 
Sinorhizobium meliloti Rml021 cells containing cadRABKC have been shown to 
transform several phenoxyacetic acids including 2,4-D and 2,4,5-T to corresponding 
phenol derivatives (Kitagawa et al, 2002). Frameshift mutations indicated that each 
of the cadRABC genes is essential for 2,4-D transformation without involving the 
cadK gene (Kitagawa et al, 2002). Five 2,4-D degrader, including Bradyrhizobium 
and Sphingomonas strain, have been found to have cadA gene homologs, suggesting 
that these 2,4-D degraders share the genes similar to those of strain HW13 cadABC 
(Kitagawa et al, 2002). In strain JMP-134, 2,4-D is transformed to 2,4-
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dichlorophenol by a-ketoglutarate-dependent 2,4-D dioxygenase encoded by tfdA, 
which is subsequently hydroxylated by 2,4-DCP hydroxylase encoded by tfdB to 
form 3,5-dichlorocatechol (3,5-DCC). The 3,5-DCC is further metabolized through 
an intradiol ring cleavage pathway encoded by tfdCDEF. Thus, the existence of 
distinct ecological and genetic classes of 2,4-D degraders indicate diversity of 2,4-D 
degradation genes and perhaps of pathways among 2,4-D degraders. Most of the 
genes involved in the degradation of 2,4-D have already been localized by 
transposon mutagenesis and cloned in E. coll The horizontal gene transfer of the 
2,4-D degrading plasmid pJP4 has also been reported (Don and Pemberton, 1981; 
Friedrich etal, 1983) due to interspecific gene transfer (Levy and Miller, 1989) 
Organophosphates 
The term organophosphates (OP) refer to the derivatives of phosphoric acid and 
related compounds. This group of agrichemicals is widely used as insecticides in 
large quantities to control the agricultural pests and disease vectors. The general 
structure and derivatives of organophosphorus compound are shown in Table 3. The 
two R groups on the structure are usually methyl or ethyl groups and are the same in 
any one molecule, while X is frequently a rather complex aliphatic, homocyclic or 
heterocyclic group. The carbon atom in X-group joins directly to phosphorus atom 
via an ester or thioester linkage as P-O-X or P-S-X. Many organophosphates readily 
undergo conversion from thions (P=S) to oxons (P=0). Ultimately, both the thions 
and oxons are hydrolyzed at the ester linkage, yielding alkyphosphate and leaving X-
group, which are of relatively low toxicity. Different pathways of organophosphate 
decomposition such as hydrolysis, photolytic oxidation, and microbial 
Table 3: General structure of organophosphorus compound and 
derivatives. 
Y 
Name 
Dichlorovos 
Mevinphos 
Dimethoate 
Dicrotophos 
Malathion 
Omethoate 
Prothoate 
Thiometon 
Phorate 
Turbufos 
Chlormephos 
Phenthoate 
Thionazin 
Fenthion 
Rl— 
Rl 
Me 
Me 
Me 
Me 
Me 
Me 
Et 
Me 
Et 
Et 
Et 
Me 
Et 
Me 
- 0 — P -
1 
0 
1 
Rl 
X 
0 
0 
s 
0 
s 
s 
s 
s 
s 
s 
s 
s 
0 
0 
-X-R2 
Y 
0 
0 
s 
0 
s 
0 
s 
s 
s 
s 
s 
s 
s 
s 
R2 
CH=Cl2 
CMe=CH-C02Me 
CH2C0NHMe 
CMe=CH-CONMe 
CH(C02Et)CH2C02Et 
CH2C0NHMe 
CHzCONH-I-Pr 
CH2CH2SEt 
CHjSEt 
CHsS-t-Bu 
CH2CI 
CH(Ph)C02Et 
Pyraziny 
CH2S-4-SMe-Phenyl 
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transformation have been reported (Racke, 1992; Pehkonen and Zhang, 2002). 
Hydrolysis is the most common degradation pathway and it can occur at several 
reactive centres in a given organophosphorus pesticide molecule. Organophosphoms 
compounds rapidly undergo degradation by physical and biological agents. Trebse 
and Arcon (2003) reported the degradation of organophosphorus pesticides in 
aqueous media with X-ray dose of 160 Gy. Also, the bacterial strains and enzymes 
that hydrolyze organophosphates and structural analogues have been described 
(Munnecke, 1976; Rosenderg and Alexander, 1979; Brown 1980). The effect of 
alkyl and aryl substitutes for the hydrolytic activity has been investigated (Adhya et 
al, 1981; Donarski et al, 1989). Racke and Coats (1988) demonstrated comparative 
degradation of organophosphorus insecticides in soil. Several bacterial isolates have 
been identified that exhibit the capacity to hydrolyze, and detoxify a wide range of 
organophosphates including Pseudomonas diminuta (Raushel and Holden, 2000) and 
Flavobacterium sp. (Sethunathan and Yoshida, 1973). The repeated application of 
degradable organophosphates occasionally causes significant reduction of their 
pesticidal effect. This phenomenon, which results from microbial adaptation to 
pesticide degradation, is called as enhanced biodegradation. In this study, phorate 
has been chosen as a representative organophosphate insecticide for determining its 
extent and kinetics of degradation using of indigenous bacteria in soil microcosm. 
Why Phorate Has Been Chosen ? 
Phorate (0,0-diethyl S-ethylthiomethyl phosphorodithioate) is an aliphatic 
derivative of phosphorus. The general structure of phorate is shown in Fig. 5. It is a 
broad-spectrum, non-bioaccumulative, organophosphorus insecticide and acaricide. 
r^ Tj r^ c /"* Possible hydrolysis 
P 
y 
y 
y 
C W O ^ \^  
^ 2 ^ 5 ^ / S—CH2-S—CH2CH3 
Oxidative 
Fig. 5: Structure of Phorate 
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It is effective against a wide array of insects and mites, and some nematodes. Nearly 
three million pounds of phorate is used annually on 2.5 million acres in US. It is used 
on a variety of field crops including 80 % of application on com, potato, and cotton 
plantation. Organic phosphate pesticides are of great environmental concern 
primarily due to their toxicity to mammals and birds, and relative solubility in water 
leading to the surface and ground water contamination (Reynolds, 1989; Foster et al, 
1992). The LD50 of phorate has been reported to be 1.1 to 2.3 mgl'', depending on the 
pathway of intake (Budavari et al, 1996). Gastrointestinal and neurological 
problems are the major disorders develop upon short-term exposure to phorate 
(Khashyap er a/., 1984). 
Physical and Chemical Properties of Phorate 
Phorate is a clear, pale yellow liquid. It has a molecular weight of 260.37 with the 
boiling point of 118-120°C, and freezing point of- 42.9°C. It has a limited solubility 
in water (50 mgl"'), but is miscible with xylene, vegetable oils, carbon tetrachloride, 
alcohols, ethers and esters. The technical grade and granular formulations are stable 
at 25°C for at least 2 years. However, both the technical grade and formulations are 
subject to hydrolysis in presence of moisture and alkali. The properties of phorate are 
shown in Table 4. 
Mode of Action 
Organophosphorus pesticides including the phorate and its metabolites exert their 
acute effect by inhibiting acetylcholinesterase in the nervous system, resulting in 
accumulation of toxic levels of acetylcholine. They also inhibit butylcholinesterases 
Table 4: Physical and chemical properties of phorate. 
Properties 
Chemical name 
Chemical family 
Molecular formula 
Molecular weight 
Physical state 
Melting point 
Boiling point 
Specific gravity 
Water solubility 
Refractive index 
Specifications 
0,0-diethyl-S- (ethythio) methyl 
phosphorodithioate 
Organophosphorus 
C7H17O2PS3 
260.4 
Clear, pale yellow liquid 
Below 15°C 
118tol20°C 
1.167 
0.05 gr' 
1.53 
(http://pmep. cce. Cornell, edii/profiles/extoxnet/metirampropoxur/pho 
rate-ext.html) 
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as well as other esterases. The function of butylcholinesterase is unknown, however, 
its inhibition provides an indication of exposure to an organophosphate. Delayed 
neuropathy is initiated following an attack on nervous tissue esterase distinct from 
acetyl cholinesterase (WHO, 1986). 
Interaction of Phorate with Soil 
Being a non-ionic pesticide, the phorate is mainly retained on soil organic matter. 
Since clay adsorb negligible amounts of non-ionic pesticides, the difference in the 
Koc values in the soil at varying depths could be attributed mainly to the differences 
in the nature of organic matter (Bolan and Baskaran, 1997). Organic carbon content, 
microbial activity, sorption coefficient (K<i) and degradation of phorate decrease with 
the soil depth (Jury et al, 1987; Szeto et al, 1990; Wilson et al, 1993). The decrease 
in organic carbon with soil depth results in reduction in the extent of phorate 
sorption. Nevertheless, it has been shown that phorate is oxidized to 
phosphorodithioate sulfoxide, which is subsequently oxidized to phosphorodithioate 
sulfone (Fig. 6). The persistence of phorate in soil and the rate of its dissipation 
suggest its half-life (ti/2) as 9.7 days. Its rate of disappearance from soil follows the 
first-order reaction kinetics (Das and Mukherje, 2000). After phorate application to 
soil, the various constituents and qualities of the soil also influence its eventual 
distribution and utilization by plants. As reported about 25, 20, and 10 percent of the 
radioactivity applied is lost through volatilization from sandy, silty-loam and muck 
soils, respectively (Getzin and Chapman, 1960). Phorate in soil is partially oxidized, 
hydrolyzed and bound to the soil. Suett (1975) showed that soil temperature exerts 
relatively less effect upon the fate of phorate than on any other soil-incorporated 
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Fig. 6: Metabolites of Phorate 
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insecticides. Phorate applied to the soil reaches the root zone of the plants. It is 
absorbed by the roots and translocated to aerial parts of the plant. The rate of 
movement of phorate from root to stem and leaves is accelerated by increased 
transpiration (Hacskaylo et al, 1961). 
Dissipation Mechanisms of Phorate 
Phorate degrades rapidly with almost complete loss within four months, although the 
measurable quantities of phorate sulphoxide and sulphone could be detected for 
somewhat longer periods (Talekar et ah, 1977). Waller and Dahm (1973) 
demonstrated that the conversion of phorate to its sulphoxide in soils is mainly a 
non-biological process, whereas the conversion to sulphone is a microbial process. 
The information available on the dissipation of phorate by non-biological and 
biological processes is described. 
Ph otodegradation 
Phorate in aqueous solution undergoes significant destruction (>95%) due to 
photolytic ozonation within 20 min of reaction time. Photolytic ozonation (UV/O3) 
process is considered to be an advanced oxidation process that applies ozonation and 
UV irradiation simultaneously to the target compounds. This treatment converts the 
compounds completely into simple inorganic species, such as carbonate and water. 
The degradation of phorate in aqueous solution by photolytic ozonation has been 
studied under various experimental conditions (Ku and Lin, 2002). The initial step of 
the photolytic decomposition of phorate involves its breakage and subsequent 
oxidation of the P=S double bond on the phorate molecule, followed by 
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isomerization and consequent oxidation of various organic intermediates (Ku and 
Lin, 2002). The organic intermediates include phorate sulfoxide, phoratoxon sulfone 
and diethyl phosphite. The rate of phorate decomposition is suggested to be 
irreversible, first-order and pH dependent (Hayashi et al, 1993; Beltran et al, 1994; 
Esplugas et al, 1994; Beltran et al, 1995; Ku et al, 1996). 
Microbial Degradation 
Indeed, the information on the microbial degradation of phorate in soil is limited. 
Nevertheless, the scanty reports in literature suggest the role of soil microorganisms 
in the oxidative degradation of phorate (Chapman et al, 1982; Szeto et al, 1990). 
About 90% of the phorate is oxidized to yield phorate sulphone and the remaining 
10% forms oxon sulphone. The oxidation of phorate to phorate sulphoxide has been 
studied with yeast Torulopsis utilis (Ahmed and Casida, 1958). Also, the bacterium 
Bacillus megaterium, and the fungus Aspergillus niger, transform phorate to yield 
phoratoxon sulphoxide (Lai, 1982). The formation of sulphoxide as a major 
metabolite upon phorate degradation by Pseudomonas sp. has also been reported 
(Venkatramesh et al, 1987). However, studies with the Anabaena sp. and Aulosira 
fertilissima (ARM68) revealed no metabolism of phorate (Dhanaraj et al, 1989). 
Gauger et al (1986) have suggested the role of streptomycetes in elimination of 
phorate from soil. Suett and Jukes (1988, 1992) confirmed that the persistence and 
behavior of freshly applied phorate in previously treated soil is often significantly 
different from its stability in untreated soil. Later, Suett and Jukes (1997) 
demonstrated the accelerated degradation of phorate in carrot soil in the United 
Kingdom. The rapid loss of total phorate residues has been found to be associated 
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with the relative instability of phorate sulphoxide, and phorate sulphone. Bolan and 
Baskaran (1997) showed that the tia values of phorate in different soil types ranged 
between 18 to 51 days. However, the Chapman et al. (1982) and Szeto et al. (1990) 
reported the ti/2 values of 49 to 74 days and 21 to 86 days, respectively for phorate 
and its oxidative metabolites. It is also suggested that the half-life values increase by 
4 to 6-fold with the reduction in organic matter by 9 to 3 3-fold. Moreover, the 
decrease in the extent of phorate sorption and microbial activity also results in a 
decreased rate of phorate degradation (Bolan and Baskaran, 1997). The persistence 
of phorate and its oxidative metabolites is reported to be higher in muck than in silt 
loam. An estimated 55.5 % of the applied phorate remains after 64 days in unplanted 
muck as compared with 39.7 % in unplanted silt-loam (Szeto et al, 1990). 
Transformation of phorate to its oxidative metabolites does not follow the first-order 
kinetics, whereas the disappearance of total phorate does (Szeto et al, 1990; 
Chapman et al 1982). The reported rate constant for the disappearance of total 
phorate in silt loam (0.011 day'') is similar to sandy loam (0.012 - 0.013 day') but 
slower than the rate constant for sand (0.027 day"') (Chappman and Harris, 1980) 
Carbamates 
Carbamates are the important class of insecticides, which exhibit slightly lower acute 
toxicity than the organophosphates, and are readily degraded in the environment. 
Carbamates have been originally extracted from Colabar bean, which grows in West 
Africa. The extract of this bean contains physostigmine, and methylcarbamate ester. 
Carbamates are the derivatives of carbamic acids with the general formula as 
NHR.COOR (Table 5). The substituent 'Ar' in majority of carbamates is a methyl 
Table 5: General structure of a carbamate and its derivatives. 
Name Ar R 
Carbaryl 
MTMC 
Xylylcarb 
Isopropcarb 
Promecarb 
Propoxur 
Methiocarb 
Ethiophencarb 
Aminocarb 
Cloethocarb 
Carbofiiran 
Bendiocarb 
Dioxacarb 
Primicarb 
Dimetilan 
1-naphthyl H 
3-methylphenyl H 
3,4-dimethylphenyl H 
2-isopropylphenyl H 
3-methyl-5-isoprolylphenyl H 
2-isopropoxyphenyl H 
3,5 dimethyl-4-methylthiophenyl H 
2- ethyhhiomethylphenyl H 
4-dimethylamino-3-methylphenyl H 
2-(l-methoxy-2-chloro) ethoxyphenyl H 
2,3-dihydro-2,2-dimethylbenzofiaran-7-yl H 
2,3-dimethyldimethylene) dioxyphenyl H 
2-(l,3-dioxolane-2-yl) phenyl H 
5,6-dimethyl-2-dimethylaminopyrimidine-4-yl Me 
1 -dimethylcarbamoyl-5-methylpyrazol-3-yl Me 
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derivative. Some important members of carbamate group of insecticides are shown 
in Table 5. Similar to organophosphates, the carbamates are also the potent inliibitors 
of cholinesterase. The carbamates are readily degraded in soils (Harkin et al, 1986). 
The hydrolysis of carbamate ester linkage is a major metabolic pathway yielding 1-
naphthol, carbon dioxide and methylamine. Also, the methyl hydroxylation, ring 
hydroxylation and conjugation occur before and after hydrolysis of the carbamate 
moiety. In this study, the carbofuran has been specifically chosen as a representative 
carbamate to investigate its kinetics of degradation, and the role of indigenous 
microflora in its remediation from contaminated soil microcosm. 
Why Carbofuran Has Been Chosen? 
Carbofuran is a broad-spectrum carbamate insecticide, acaricide, and nematicide 
(Chaudhry and Chapalamadugu, 1991; US EPA, 2002). Fig. 7 shows the general 
structure of carbofiiran. This pesticide is extensively used on a variety of crops 
including alfalfa, com, soybeans, wheat, strawberries and grapes, for controlling soil-
dwelling and foliar-feeding insects such as com rootworm, wireworms, boll weevils, 
mosquitoes, alfalfa weevil, aphids, and white gmbs (Trotter et al, 1991; Trabue et 
al, 1997). More than 5 million pounds of carbofuran is being used in United States 
alone (Hua and Pfalzer, 2001). The extensive use of carbofuran in India and abroad 
is a cause of serious concern (Sahoo et al, 1998; Wei et al, 2001) due to its high 
oral toxicity. The reported oral LD50 of carbofuran for rat is 11 mgkg", which is 
close to that of parathion (LD50 of 8 mgkg''), an extremely toxic organophosphorous 
pesticide (Bachman and Patterson, 1999). 
H 
0-C-N 
Fig. 7: Structure of Carbofixran 
35 
Physical and Chemical Properties of Carbofuran 
Carbofuran is formulated as a flowable or wettable powder. Pure carbofuran is an 
odorless to mildly aromatic white crystalline solid. It is stable under neutral or acidic 
conditions but hydrolyzed in alkaline media. It releases toxic fumes upon thermal 
breakdown (WHO, 1996 a,b). The physical and chemical properties of carbofuran 
are shown in Table 6. 
Mode of Action 
The carbofuran inhibits the enzyme acetylcholinesterase. Blockage of this enzyme 
results in failure of the nervous system due to accumulation of acetylcholine in the 
nerve synapses. The carbomoylation reaction involves primary hydroxyl group of a 
serine residue of the enzyme, which is also hydrolyzed back slowly (Roy, 2002). 
Interaction of Carbofuran with Soil 
The environmental fate of carbofuran also depends on the organic content, moisture 
content, pH and temperature of soil (Yen et al, 1997). It is degraded in soil by 
hydrolysis, microbial action, and to a lesser extent by photodecomposition. Owing to 
its high water solubility and low adsorption coefficient, the carbofuran is relatively 
mobile in soil and in surface runoff. Consequently, it contaminates the lakes, 
streams, and groundwater. Carbofuran may leach significantly, although leaching 
may not occur in highly organic soils. In clay loam (OC content 53%, pH 8.6), it has 
a Kd value of 22.4, while in sih loam (OC content 0.18%, pH 8.4) the Kd value is 
19.9. Apparently less movement and, therefore, higher adsorption is reported in the 
clay loam (Kumari et al, 1988). 
Table 6: Physical and chemical properties of carbofuran. 
Properties 
Chemical name 
Chemical family 
Molecular formula 
Molecular weight 
Physical state 
Melting point 
Specific gravity 
Solubility 
Specifications 
2,3-Dihydro-2, 2-dimethyl-7-
benzofuranyl-N-methylcarbamate 
Carbamates 
CuHisNOs 
221.3 
White crystalline solid with slight 
phenolic odor 
153tol54°C 
1.18 
O.Tgl'^  (water) 
Adsorption coefficient 22.0 
Log octanol-water 2.32 
partition coefficient 
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Dissipation Mechanisms ofCarbofuran 
Carbofuran exhibit varied persistence rates with half-lives of several days to over 
three months. It is decomposed by exposure to sunlight to yield 2-hydroxyfuradan 
and furadan phenol. Carbofuran degradation is much quicker in alkaline soils than in 
acidic soils. Almost a 10-fold difference in DT50 (time required for 50% breakdown) 
between soils at pH 4.3 and 7.8 is reported (Getzin, 1973). Its half-life in silty clay 
loam (pH 6.7, organic matter 2.9%) is reported to be 105 days and 35 days at 15°C 
and 35°C, respectively (Yen et al, 1997). Although, hydrolysis is a major route of 
degradation in alkaline soils, the slower degradation in acidic and neutral soils may 
be dominated by microbial and chemical mechanisms. Breakdown products in soil 
include carbofuran phenol (Getzin, 1973), 3-hydroxycarbofuran, and 3-
ketocarbofuran (Johnson and Lavy, 1995). The major pathways of its decomposition 
are described. 
Volatilization 
The low vapor pressure and Henry's law constant (8.3 x lO'^mmHg (25°C) and 3.9 x 
10'^  atm mVmoI, respectively) of carbofuran indicate its low tendency to volatilize 
from water and moist soils (Deuel et al, 1979; Raha and Das, 1990). Volatilization 
is not an efficient method of carbofuran dissipation, but is indeed a contributing 
process. It has been reported that carbofuran volatilization rate is much faster in 
flooded soil than under non-flooded soil conditions. 
Photodegradation 
The photochemical degradation of carbaryl and carbofuran (2,3-dihydro-2,2-
dimethylbenzofuran-7-yl methylcarbamate) by the action of sunlight and UV {X 
>290 nm) in natural waters has been reported (Samanidou et al, 1988). The major 
photoproduct released upon degradation of carbofuran is carbofuran phenol, which 
further photodegrades to yield a a-naphthol. Incessant irradiation led to almost 
complete degradation of this insecticide (de Bertrand and Barcelo, 1991). 
Adityachaudhury et al. (1994) studied the sunlight-induced photodegradation of 
carbofuran and characterized more than twenty photoproducts. Benitez et al. (1995) 
reported the photodegradation of aqueous solutions of carbofuran by the 
polychromatic light by a high-pressure mercury lamp. Mansour et al. (1997) 
investigated the photolysis of carbofuran in water and water/soil suspensions using 
UV light of different wavelengths. The photodegradation has been reported to be 
very slow when carbofuran was irradiated at 290 nm. However, it substantially 
enhances in the presence of Ti02, H2O2 or O3. The photodecomposition of 
carbofuran at 254 nm in water follows the first-order reaction kinetics, whereas, the 
presence of dissolved organic matter reportedly inhibits the photodegradation 
process (Bachman and Patterson, 1999). 
Microbial Degradation 
Microorganisms capable of degrading carbamate pesticides play a significant role in 
their break down and detoxification in the environment. There are several reports on 
the carbamate degrading microorganisms (Larkin and Day, 1986; Chaudhry and Ali, 
1988). The carbofuran degraders isolated from soil, includes bacteria (Feng et al, 
1997; Trabue et al, 1997; Karpouzas et al, 2000; Ogram et al, 2000), fungi 
(William, et al, 1976) and actinomycetes (William et al, 1976, Venkateshwarlu and 
Sethunathan, 1985). Microbial degradation of carbofuran is rapid in soil with high 
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organic content. Studies revealed that the repeated application of carbofuran to soils 
results in its enhanced rate of degradation (Harris et al, 1984; Turco and Konopka, 
1990; Scow et al, 1990). This may be due to the adaptability of previously exposed 
organisms to efficiently catabolize the insecticide (Parkin and Shelton, 1994). Singh 
and Sethunathan (1999) compared the recoveries of carbofuran between the 
carbofuran treated and untreated soils and reported a much lower recovery rate fi'om 
treated soil. Microorganisms can utilize carbofuran in at least three different ways. 
Based on their mode of carbofuran utilization, the degraders have been placed in 
three different groups. Group-I utilizes carbofuran as a sole source of nitrogen, 
group-II utilizes it as a sole source of carbon, and group-Ill hydrolyze carbofuran to 
carbofuran phenol. It has been suggested that the members of group-I and group-II 
degrade carbofuran via hydrolysis, whereas the group-Ill degraders metabolize it via 
an oxidative pathway (Chaudhry and AH, 1988). 
Mechanism of Carbofuran Biodegradation 
Microorganisms in soil are known to degrade carbamate pesticides via hydrolysis or 
oxidation (Chapalmandugu and Chaudhry, 1992; Chaudhry et al, 2002a,b). 
Oxidative transformation of carbofuran and its hydrolytic conversion to 7-phenol by 
soil bacterium, Pseudomonas sp. 50432 is shown in Fig. 8. Chaudhry et al (2002a) 
reported the microbial oxidation of carbofuran and generation of unique metabolites 
of carbofuran. Except the hydrolytic product (7-phenol), the metabolites observed 
were different from the previously known metabolites of carbofuran 
(Chapalmandugu and Chaudhry, 1992). Extensive degradation of carbofuran by 
Pseudomonas sp. 50432 requires induction of the oxidative enzymes. Degradation of 
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carbofiiran is possibly a co-metabolic activity. The biochemical pathway of 
carbofiiran degradation beyond 7-phenol or 5-hydroxycarbofuran in these bacteria is 
not fiilly explored. Chaudhry et al. (2002a) proposed a tentative pathway for 
catabolism of carbofiiran, as depicted in Fig. 8. The placement of metabolites C and 
D in this pathway is speculative and characterization of these products is required. 
The first step in metabolism is generally thought to be the hydrolysis of labile 
methylcarbamate linkage yielding carbofuran-7-phenol and methylamine, which 
serve as a nitrogen source for the bacteria (Kams, 1986) (Fig. 9). Of the hydrolysis 
products, carbofiiran 7-phenol adsorb strongly to soil and methylamine is commonly 
utilized for grovrth by a number of soil microorganisms (Parekh et al, 1995). 
Chaudhry et al. (2002b) isolated a soluble carbamate hydrolase fi-om Pseudomonas 
sp. 50432 with broad specificity. It cleaves the ester linkage of the N-
methylcarbamates at the optimum pH and temperature of 37°C. The enzyme exhibits 
the Km values of 16 and 12 ^M for carbofiiran and carbaryl, respectively. The 
purified enzyme does not hydrolyze 0-nitrophenyl-dimethylcarbamate but 
hydrolyses several N-methylcarbamates and 1-naphthylacetate. The hydrolase 
enzymes of Achromobacter strain WMlll and Pseudomonas strain CRL-OK 
exhibit optimum activity at temperatures 60 and 50 °C, respectively (Mulbry and 
Eaton 1991; Kams and Tomasek, 1991). However, the Blastobacter sp. strain M501 
works efficiently at an optimum temperature of 45°C (Chapalmandugu, and 
Chaudhry, 1993; Hayatsu and Nagata, 1993). Comparison of five enzymes for the 
hydrolysis of carbamates (Table 7) shows variations in cellular location, expression, 
substrate specificity and affinity, and other physical and biochemical characteristics, 
indicating the diversity of the hydrolase genes in different bacteria. 
Metabolic C —»- Metabolic D -CO2 + H2O 
OH 
Carbo&ran phenol 
+ 
NH2CH3 
Methylamine 
+ 
CO2 
4 - HydroxycarbofUran 
(Metabolite B) 
Oxidation 
Fig. 8: Degradative pathway of Carboftiran 
Carbofuran 
ring hydroxybtion 
OH 
3 - Hydro)^carbofiiran 
finther 
oxidation ? 
3 - Keto - carbofuran 
N-methyl hydroj^ktion 
NADPH, O2 
Effther 
oxidation? 
CH2OH 
A'^  - Hydroj^ mettylcarbofuran 
further 
oxidation? 
• ^ 0 - C O - N ' ^ 
CH2OH 
3 - HydrojQ' - N - ftydroj^ mettyfcarbofiiran 
Fig. 9: Metabolites of Carbofuran 
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Genetics ofCarbofuran Biodegradation 
Genetic system encoding metaboUsm of pesticides provides an attractive framework 
for studying development of catabolic pathways and relationship between plasmids 
and bacteria. Bacterial plasmids have been shown to play a significant role in the 
evolution, transformation and dissemination of many genes required for the 
metabolism of carbofiaran (Kams et al, 1986). Most of the work on the genetics of 
carbofuian degradation is focused on microorganisms that are capable of 
mineralizing only the methylcarbamate moiety and not the aromatic ring. 
Carbofliran degradation is mediated by plasmids. Initial evidence suggests that 
carbofuran hydrolase gene is located on 79 kb plasmid pIH4 in bacterial strain MS2d 
(Head, 1992). Many strains capable of completely metabolizing carbofuran to CO2 
and harboring multiple plasmids have already been characterized (Parekh et al, 
1995; Feng et al, 1997). Feng et al (1997) reported that Sphingomonas sp. CF06 
contains five plasmids, and at least some of them are required for the metabolism of 
carbofuran. Loss of the plasmids induced at elevated temperature resulted in the 
inability of cured strain to utilize carbofuran as a sole source of carbon. The 
carbofuran metabolizing Sphingomonas strains, TA and CD harbor plasmids of 
different numbers and sizes that share extensive common regions. The carbofuran 
degrading genes may also be associated with active IS elements (Ogram et al, 
2000). 
Multifarious Biological Activity of Soil Microflora: A Glimpse. 
A large number of different microorganisms are commonly found in the soil 
including bacteria, fungi, actinomycetes, protozoa, and algae. Of these, bacteria are 
45 
by far the most common type of soil microorganisms, possibly because they can 
grow rapidly, and have the ability to utilize wide range of substances as either carbon 
or nitrogen sources. Bacteria that aggressively colonize roots are termed as 
'rhizobacteria' (Schroth and Hancock, 1982). Indeed, root colonization is a process 
whereby bacteria survive inoculation onto seeds or into soil, multiply in the 
spermosphere in response to seed exudates rich in carbohydrates and amino acids, 
attach to the root surface and colonize the developing root system in soil containing 
indigenous microorganisms (Kloepper et al, 1980a; Suslow and Schroth, 1982; 
Weller, 1984; Hoflich, 2000). 
Rhizobacteria are sub-divided into beneficial, deleterious, and neutral groups on the 
basis of their effect on the plant growth. Beneficial effects of rhizosphere bacteria 
have most often been based on increased plant growth, faster seed germination, and 
better seedling emergence. As a result these bacteria are known as plant growth 
promoting rhizobacteria (PGPR). The PGPR's are the naturally occurring soil 
bacteria that are able to aggressively colonize plant roots and stimulate plant growth 
when applied to roots, tubers or seeds (Weller, 1988; Glick, 1995; Noel et al, 1996; 
Gonzalez and Bashan, 2000; Hoflich, 2000). Most of the microorganisms, which 
exhibit PGPR activity, belong to Gram -ve group. Amongst these, the fluorescent 
Pseudomonads have emerged as the most potential plant growth promoting 
rhizobacteria (Bagnasco et al, 1998; Bloemberg and Lugtenberg, 2001; Bano and 
Musarrat, 2003a,b). Certain Gram +ve strains of root colonizing bacteria have also 
been reported from genus Arthrobacter (Kloepper et al, 1990) and Bacillus (Turner 
andBackman, 1991). 
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How Do The Bacteria Promote Plant Growth? 
The soil bacteria stimulate the plant growth by a vaiiety of mechanisms (Fig. 10). 
They directly affect plant growth by producing plant growth regulators (Xie et al, 
1996; Hoflich, 2000), organic and inorganic phosphate solubilization (Kloepper, 
1993; Glick, 1995; Altomare et al, 1999), non-symbiotic nitrogen fixation, and 
stimulation of disease-resistance mechanisms. Certain indirect processes such as the 
production of secondary metabolites (antibiotics), siderophores and HCN also 
increase the plant growth by decreasing the activities of pathogens or deleterious 
microorganisms (O'Sullivan and O'gara, 1992; Owen and Zdor, 2001). Thus, 
considerable attention has been paid to PGPR's as the best alternative to chemicals, 
facilitating the eco-friendly biological control of soil jmd seed borne pathogens. The 
large-scale application of PGPR's to crops as inoculants would be an attractive 
approach, as it may substantially reduce the use of agrichemicals polluting the 
environment. 
Mechanisms of Plant Growth Promotion 
The mechanisms by which the PGRP's exert their beneficial effects on plants 
involve the production of phytohormone, phosphate solubilization, synthesis of 
diverse microbial metabolites including antibiotics, siderophores and volatile 
compound such as HCN, nutrient competition, and niche exclusion (Chen et al, 
1995; Duffy and Defago, 1999; Slininger et al, 2000; Hwange et al, 2001; Wang et 
al, 2001; Lee et al, 2003). Some of the above paramieters investigated in this study 
are discussed below: 
Soil microflora 
i 
Direct 
Plant growth 
promoting 
rhizobacteria 
Phytohormone HCN 
Indirect 
"^ production 
->• Phosphate 
solubilization 
Nodule 
formation 
Production 
Siderophore 
Antibiotic 
production 
Antifungal 
activity 
Fig. 10: Mechanisms of plant growth promotion by rhizobacteria. 
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(a) Phytohormone Synthesis 
Plant growth regulators (PGRs) are organic substances that influence physiological 
processes of plants at very low concentrations. Many phytohormones and their 
derivatives are synthesized not only by the plants but also by the soil microorganisms 
(Costacurta, 1995; Noel et al, 1996; Hoflich, 2000; Garcia de Salamone, 2001; Bano 
and Musarrat, 2003). It has been suggested that 80 % of rhizospheric bacteria 
produce lAA (Prikryl et al, 1985; Leinhos and Vacek, 1994). Yamada et al. (1985) 
have established that lAA biosynthesis in Pseudomonas savastoni occurs 
predominantly via the indole-3-acetamide pathway catalyzed by tryptophan 
monoxygenase and indole acetamide hydrolase. The gene for tryptophan 2-
monoxygenase (iaaM) has been found located on a 52 Kb plasmid in E.coli. The 
enzyme tryptophan 2-monooxygenase has also been purified and characterized from 
Pseudomonas syringae pv. savastoni (Hutcheson and Kosuge, 1985). Addition of 
tryptophan as a precursor of lAA to cultures of bacteria enhanced the synthesis of 
lAA. Also, some other pathways are reported for lAA biosynthesis in the Rhizobium 
and Bradyrhizobium species (Patten and Glick, 1996). 
(b) Phosphate Solubilization 
Pikovskaya (1948) isolated an organism, termed as 'Bacterium P', which was 
capable of actively decomposing calcium phosphate with the release of soluble 
phosphates. Since then a large number of microbes have been reported to solubilize 
inorganic phosphate compounds such as tricalcium phosphate, dicalcium phosphate, 
hydroxyapatite and rock phosphate (Goldstein, 1986). Among the bacterial genera 
with this capacity are Pseudomonas, Bacillus, Rhizobium, Achromohacter, 
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Agrobacterium, Flavobacterium, and Erwinia. Microorganisms directly affect the 
ability of plants to acquire P from soil through a number of structural or process-
mediated mechanisms. These include (i) an increase in the surface area of roots by 
either an extension of existing root systems or by enhancement of root branching and 
root hair development, (ii) displacement of sorption equilibrium that results in 
increased net transfer of phosphate ions into soil solution or an increase in the 
mobility of organic forms of phosphorus, and (iii) stimulation of metabolic processes 
that are effective in directly solubilizing and mineralizing phosphorus from poorly 
available forms of inorganic and organic phosphorus. These processes include the 
excretion of hydrogen ions, the release of organic acids, the production of 
siderophores and the production of phosphatase enzymes that are able to hydrolyze 
soil organic phosphorus (Jones, 1998). 
Chabot et al. (1998) demonstrated growth stimulation of maize and lettuce by several 
microorganisms capable of mineral phosphate solubilization. Application of 
Burkholderia cepacia as a bioinoculant showing no indole acetic acid production, 
but displaying significant mineral phosphate solubilization and moderate 
phosphatase activity (Rodriguez et al, 1996) have improved the yield of tomato, 
onion, potato, banana and coffee. Moreover, some strains of Rhizobia colonize the 
roots and increase the yield of non-legume crops (Chabot et al, 1996a,b 
Maheshkumar et al, 1999) Maize growth promotion and root colonization by 
phosphate solubilizing strains RILux' of Rhizobium leguminosarum biovar. phaseoli 
has also been reported (Chabot et al, 1998). Moreover, the Pseudomonasputida has 
been shown to stimulate the growth of roots and shoots with increased uptake of •'^ P-
labeled phosphate in Canola (Lifshitz et al, 1987). Similarly, the increase in 
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phosphorus uptake and crop yield has also been observed after inoculation with 
Bacillus firmus (Datta et al, 1982), Bacillus polymyxa and Bacillus cereus 
(Famandez et al., 1984). Co-inoculation of Pseudomonas striata and Bacillus 
polymyxa strains showing phosphate solubilizing ability with a strain of Azospirillum 
brasilense shows significant improvement of grain and dry matter yield with a 
concomitant increase in N and P uptake, as compared to separate inoculations with 
each strain (Alagawadi and Gaur, 1992). Thus, several commercial biofertilizers 
using mixed bacterial culture have been developed. For instance, the 'phylazonit-M', 
a product containing Bacillus megaterium and Azotobacter chrococcum increases the 
N and P supply to the plant. Another product 'KYUSEI EM', a mixed inoculum 
containing lactic acid bacteria, has been suggested as a prime agent for mineral 
phosphate solubilization. 
(c) Siderophore Production 
Siderophores are defined as low molecular weight (<1000 Da) organic molecules 
(Byers and Arceneaux, 1998). They are ferric iron-specific chelating agents secreted 
by bacteria and ftmgi, growing under low iron conditions (Budzikiewicz, 1993; 
Neiland, 1995; Chipperfield and Ratledge, 2000; Meyer, 2000; Braun and Braun, 
2002). A siderophore was first noticed in a ftmgus Ustilago sphaergena but 
somehow the studies on flingus lagged behind as compared to bacterial system. 
Neiland (1981) for the first-time isolated siderophore in crystalline form, which 
opened the interesting area of research for the new iron chelating compounds. 
Indeed, iron is essentially required for life of all forms. Under physiological 
conditions, it mainly exists in one of the two readily interconvertible redox states: the 
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reduced Fe "^  ferrous form and the oxidized Fe ^ ferric form. In aerated soil, the 
predominant form of iron is ferric form (Lindsay, 1979), which is soluble in water 
(pH 7.4) at about 10"'^  M (Neiland, 1986). This is too far below the threshold 
concentration (10" to 10" M) required for the optimum growth of microorganisms 
(Guerinot, 1994; Braun and Hantke, 1997). Thus, this valuable micronutrient 
becomes scarce and growth limiting within many ecological niches. Bacteria plug 
the concentration gap between ferric iron solubility and iron requirement by 
solubilizing ferric oxidize. This can be achieved in three ways: (i) lowering the 
external pH to render ferric iron more soluble (ii) reducing ferric iron to the 
relatively soluble ferrous form or (iii) employing ferric ion chelators as solubilizing 
agents (Guerinot, 1994). 
Types and Structure of Siderophores 
Different microorganisms secrete a large number of structurally different 
siderophores. They usually form hexadentate octahedral complex with ferric iron, 
and typically employ hydroxamates, a-hyroxycarboxylates and catechols as 
extremely effective ligands (Winkelmann, 2002). Approximately, 500 different 
siderophores have so far been characterized (Drechsel and Winkelmann, 1997) 
depending on the functional groups used as iron ligands. The diversity of 
siderophores in catecholate and hydroxymate groups produced by bacteria is shown 
in Table 8. The common precursors for siderophore biosynthesis include citrate, 
amino acids, dihydroxybenzoate and A'^ -acyl-A^^-hydroxyomithine (Winkelmann, 
2002). Many siderophores are also composed of peptides, often cyclic, assembled via 
non-ribosomal peptide synthetases similar to those used for the biosynthesis of 
peptide antibiotics. 
Table 8: Types of siderophores produced by bacteria. 
Siderophore Source 
Alcaligin E 
Anguibactin 
Azotobactin 
Cepabactin 
Comybactin 
Ferribactin 
Omibactin 
Protochelin 
Pseudobactin 
Pyoverdin 
Rhizobactin 
Schizokinen 
Yersiniobactin 
Yersiniophore 
Alcaligenes eutrophus 
Vibrio anguillarum 775(PJM) 
Azotobacter vinelandii 
Pseudomonas cepasia 
Corynibacterium glumaticum 
Pseudomonas fluorescence 
Pseudomonas cepasia 
Azotobacter vinelandaii 
Pseudomonas putida BIO 
Pseudomonas aeruginosa 
Rhizobium meliloti 
Bacillus megaterium 
Yersinia enterocolitica 
Yersinia enterocolitica 
(Adaptedfrom: Chincholkar et al. 2000) 
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1. Materials: 
1.1 Agrichemicals Used 
Technical grade agrichemicals viz. 2,4-dichlorophenoxyacetic acid (99.0 %), phorate 
(94.6 %), and carbofiiran (99.0 %) were obtained from the Agrochemical Division, 
Indian Agriculture Research histitute, PUSA, New Delhi, India. 
1.2 Antibiotics 
The antibiotics used in this study are shown in Table 9. 
Table 9: List of antibiotic discs with predetermined concentrations. 
Antibiotic disc 
Ampicillin 
Chloramphenicol 
Cloxacillin 
Co-Trimoxazole 
Deoxcycline 
Fluconazone 
Methicillin 
Nalidixic acid 
Novobiocin 
Rifampicin 
Streptomycin 
Tetracycline 
Abbreviation 
(A) 
(C) 
(Cx) 
(Co) 
(Do) 
(Fu) 
(M) 
(Na) 
(Nv) 
(R) 
(St) 
(T) 
Concentration 
(^gdisc'^) 
10 
30 
10 
25 
30 
10 
5 
30 
30 
5 
10 
10 
54 
1.3 Chemicals Used: 
The chemicals used in the present study are shown in Table 10. 
Table 10: The list of chemicals and their sources. 
Chemical Source 
Acetic acid, glacial 
Agar-agar 
Agarose 
Ammonium oxalate 
Ammonium molybdate 
Ammonium sulphate 
Beef extract 
Bromophenol blue 
Calcium chloride 
Chrome azurol S 
Chloroform 
Congo red 
Copper chloride 
Copper sulfate 
Creatine 
Crystal violet 
Dipotassium hydrogen orthophosphate 
Disodium hydrogen orthophosphate 
DNA, double digest ladder 
Qualigens Fine Chemicals, India 
Hi-Media, India 
Hi-Media, India 
Qualigens Fine Chemicals, India 
Hi-Media, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Sigma Chemical Co., USA 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
GENEl, India 
- , ^ , ' > - • 
—^•^', 
Ethanol < ^ 
Ethidium bromide 
\ 
^ ' 
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Ethylene diaminetetraacetic acid 
Ferric chloride 
Ferrous sulphate 
Gelatin 
Glucose 
Glycerol 
Hexadecyltrimethylammonium-bromide 
Hydrochloric acid 
Hydrogen peroxide 
Hydrogen chloride 
8-hydroxyquinoline 
Iodine 
Indole-3-acetic acid 
Kovac's reagent 
Lactose 
Magnesium chloride 
Magnesium sulphate 
Mannitol 
Mercuric chloride 
Methanol 
Methyl red 
E. MERCK, Germany 
Hi-Miedia, India 
Sisco Research Laboratory, India 
Qualigens Fine Chemicals, India 
Hi-Media, India 
CDH, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Sigma Chemical Co., USA 
Qualigens Fine Chemicals, India 
Sisco Research Laboratory, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Hi-Media, India 
Hi-Media, India 
S.D. Fine Chemicals, India. 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
S.D. Fine Chemicals, India 
Spectrochem Pvt. Ltd., India 
Qualigens Fine Chemicals, India 
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a-Naphthylamine 
Nutrient broth 
Orthophosphoric acid 
Oxidase disc 
Peptone 
Perchloric acid 
Phenol red 
Piperazine-N,N-bis(2-ethane sulfonic acid) 
Potassium chloride 
Potassium dihydrogen orthophosphate 
Potassium hydroxide 
Potassium iodide 
Potassium nitrate 
Safranin 
Sodium carbonate 
Sodium chloride 
Sodium citrate 
Sodium dihydrogen phosphate 
Sodium dodecyl sulphate 
Sodium hydroxide 
Sodium molybdat 
Starch 
Stannous chloride 
Qualigens Fine Chemicals, India 
Hi-Media, India 
Qualigens Fine Chemicals, India 
Hi-Media, India. 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
CDH, India. 
Sigma Chemical Co., USA 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Hi-Media, India. 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
E. Merck, India 
Hi-Media, India 
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Sulphanilic acid 
Sulphuric acid 
Tricalcium phosphate 
Tryptophan 
Urea 
Yeast extract 
Yeast mannitol agar 
Zinc powder 
Zinc sulfate 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Hi-Media, India 
Hi-Media, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Hi-Media, India 
S.D. Fine Chemicals, India. 
Qualigens Fine Chemicals, India 
(All other chemicals /reagents used were of analytical grade, and the water was 
glass double distilled.) 
1.4 Miscellaneous Items: 
Millipore filters (pore size, 0.25 and 0.45 i^ m) were purchased fi-om Millipore Pvt. 
Ltd., Bangalore, India. Whatman filter papers (No.l) were from Whatman 
International Ltd, Maidstone, England. Parafilm 'M' was obtained from America 
Can Company, CT, USA. pH indicator papers were obtained from Qualigens Fine 
Chemicals, Mumbai, India. Aluminium foil was obtained from S.R. Foil Ltd. New 
Delhi, India. 
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1.5 Media and Buffers Used 
The composition of all media and buffers in this study are as follows: 
CAS Blue-agar medium 
Solution A (mgl'') 
Chrome azurol S solution 60.5 
Hexadecyltrimethylammonium bromide 72.9 
solution 
(CAS dissolved in 50 ml water and mixed with 10 ml FeCls solution (ImM 
FeCl3.6H20, 10 mM HCl); HDTMA dissolved in 40 ml water. After mixing, the 
resultant dark blue liquid was autoclaved at 15 lb pressure for 20 min). 
Solution B (5XM9-Salt) (gl'^) 
Dipotassium hydrogen orthophosphate 64.0 
Dihydrogen potassium phosphate 15.0 
Sodium chloride 2.5 
Ammonium chloride 5.0 
M9-Minimal Medium (870 ml) 
Solution B (5X) 200 ml 
Magnesium sulphate (1 M) 2.0 ml 
Glucose (20%) 20.0 ml 
Calcium chloride (1 M) 0.1 ml 
Piperazine-N-N-bis[2-ethanesulfonic acid] 30.0 g 
Agar-agar 15.0 g 
(pH of Solution B was adjusted to 6.8 + 0.2. After autoclaving, 30 ml ofCasamino 
acid (10 %) was added, and the resulting 900 ml solution B mixed with 100 ml 
solution A). 
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Cellulose agar medium (gl") 
Cellulose 12.0 
Sodium nitrate 0.5 
Dipotassium hydrogen phosphate 0.20 
Magnesium sulphate 0.5 
Ferrous sulphate 0.01 
Agar-agar 15.0 
pH 6.8 ± 0.2 
Gelatin agar medium (gl') 
Peptone 5.0 
Beef extract 3.0 
Gelatin 30 
Agar-agar 15.0 
pH 6.8 ± 0.2 
King' B agar medium (gl"') 
Peptone 20.0 
Glycerol 10.0 
Dipotassium hydrogen orthophosphate 1.50 
Magnesium sulphate 1.50 
pH 7.0 + 0.2 
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Martin's agar medium (gl') 
Dextrose 10.0 
Peptone 5.0 
Potassium dihydrogen phosphate 1.0 
Magnesium sulphate 0.5 
Agar-agar 15.0 
*Streptomycin 0.006 
pH 6.8 ±0.2 
Rose Bengal 2 part in 3000 parts of medium 
(*1 g of streptomycin was dissolved in 100 ml of sterile water. 0.3 ml of this solution 
was added to 100 ml of rose bengal medium after it cooled to 45^C) 
Minimal salt medium (MS-medium) (gl') 
Ammonium sulphate 1.00 
Dipotassium hydrogen orthophosphate 1.00 
Disodium hydrogen orthophosphate 2.10 
Magnesium sulphate 0.01 
Calcium chloride 0.10 
Ferric chloride 0.001 
Copper sulphate 0.040 
Sodium molybdate 0.002 
pH 7.2 + 0.2 
{For the preparation of solid medium, 1.5% (w/v) agar-agar was added to the above 
solution) 
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Nutrient broth and Nutrient agar (gl"') 
Yeast extract 1.5 
Beef extract 1.5 
Peptone 5.0 
Sodium chloride 5.0 
pH 7.0 ± 0.2 
{Nutrient agar was prepared by adding 1.5% (w/v) agar-agar to nutrient broth) 
Pikovskaya's agar medium (gl'^) 
Tri-calcium phosphate 5.00 
Sucrose 10.0 
Ammonium sulphate 0.50 
Sodium chloride 0.20 
Manganese sulphate 0.10 
Potassium chloride 0.20 
Yeast extract 0.50 
Manganese sulphate Trace 
Ferrous sulphate Trace 
Agar-agar 15.00 
pH 7.0 ± 0.2 
Saboured dextrose agar medium (gl') 
Glucose 40.0 
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Peptone 10.0 
Agar-agar 15.0 
pH 7.0 + 0.2 
Yeast mannitol agar medium (gl'') 
Mannitol 10.0 
Dipotassium hydrogen phosphate 0.05 
Magnesium sulphate 0.20 
Yeast extract 1.00 
Sodium chloride 0.10 
Agar-agar 15.0 
Congo red 0.025 
pH 6.8 ±0.2 
Speciflc Media and Reagents Used in Bacterial Identiflcation 
The following media and reagents were used for various biochemical tests in the 
identification of agrochemical degrading bacterial isolates. 
Gram staining 
Primary stain 
Solution A 
Crystal violet 2.0 g 
Ethyl alcohol (95%) 20.0 ml 
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Solution B 
Ammonium oxalate 0.8 g 
Distilled water 80.0 ml 
Solution A andB were then mixed to achieve a total volume of 100 ml 
Gram's iodine 
Iodine 1.0 g 
Potassium iodide 2.0 g 
Distilled water 300.0 ml 
Ethyl alcohol (95%) 
Ethyl alcohol 95.0 ml 
Distilled water 5.0 ml 
Counter stain 
Safranin-0 2.5 g 
Ethyl alcohol (95%) 100.0 ml 
(Dilute 10 times with distilled water before use) 
Nitrate broth 
Peptone 5.0 
Beef extract 3.0 
Potassium nitrate 5.0 
pH 7.0 + 0.2 
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Nitrate test solutions 
Solution A 
Sulfanilic acid 8.0 g 
Glacial acetic acid (5 N) mixed in 1:2.5 ratio 1000 ml 
with distilled water 
Solution B 
Alpha naphthylamine 5.0 g 
Acetic acid (5 N) 1000 ml 
Nutrient gelatin (gl') 
Peptone 5.0 
Beef extract 3.0 
Gelatin 120.0 
pH 6.8 ± 0.2 
Phenol red dextrose broth (gl' ) 
Peptone 2.0 
Dextrose 10.0 
Sodium chloride 5.0 
Phenol red 0.018 
pH 7.0 + 0.2 
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Phenol red lactose broth (gl"') 
Peptone 2.0 
Lactose 10.0 
Sodium chloride 5.0 
Phenol red 0.018 
pH 7.0 + 0.2 
Phenol red sucrose broth (gl'') 
Peptone 2.0 
Sucrose 10.0 
Sodium chloride 5.0 
Phenol red 0.018 
pH 7.0 ± 0.2 
Simmons citrate agar medium (gl"') 
Ammonium dihydrogen phosphate 1.0 
Dipotassium hydrogen orthophosphate 1.0 
Sodium chloride 5.0 
Sodium citrate 2.0 
Magnesium sulphate 0.2 
Agar-agar -15.0 
Bromothymol blue 0.08 
pH 7.0 ± 0.2 
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(gl"') 
5.0 
3.0 
2.0 
15.0 
7.0 ±0.2 
Starch agar medium 
Peptone 
Beef extract 
Starch (soluble) 
Agar-agar 
pH 
Urea broth (gl^) 
Yeast extract 0.1 
Potassium dihydrogen orthophosphate 9.1 
Disodium hydrogen phosphate 9.5 
Urea 20.0 
Phenol red 0. 1 
pH 6.8 ± 0.2 
Methyl red test 
Methyl red 0.1 g 
Ethyl alcohol (95%) 300 ml 
Distilled water 200 ml 
(Methyl red was dissolved in 95% ethyl alcohol and diluted to 500 ml with 
distilled water) 
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Voges-Proskauer test 
Solution A 
Alpha-naphthol 5.0 g 
Ethyl alcohol (absolute) 95.0 ml 
Solution B 
Potassium hydroxide 40.0 g 
Creatinine 0.3 g 
Distilled water 100.0 ml 
(Potassium hydroxide was dissolved in 75 ml of distilled water followed by the 
addition of creatinine and the final volume was made up to 100 ml. The solution 
was stored at 4^C) 
Hydrogen peroxide 
Hydrogen peroxide (3% v/v) was prepared in distilled water to 
detect catalase activity. 
Buffers: 
Normal saline solution (gl'') 
S odium chloride 8.68 
pH 7.0 ± 0.2 
SDS-lysing solution (gl') 
SOmMTris 6.1 
3% SDS 30.0 
pH 12.4 ±0.2 
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(gl'') 
0.7 
4.8 
7.8 ±0.2 
TE-buffer 
40 mM Tris acetate 
2 mM sodium EDTA 
pH 
TAE buffer (lOX) (gl^) 
Tris 48.5 
EDTA 3.5 
Glacial acetic acid 11.2mi 
pH 7.4 ± 0.2 
TE buffer (10 mM) (gl') 
Tris 0.12 
EDTA 0.032 
pH 8.0 ± 0.2 
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2. General Methods 
2.1 Soil Collection and Storage 
Soil samples were collected from agricultural fields of Aligarh district (27° 29' 
latitude and 77° 29' longitude) of India. Samples were collected with a hand trowel 
from the depth of 10 to 15 cm. Samples were mixed thoroughly to obtain a composite 
sample, representative of the test region. Aliquot of 1 to 2 kg were stored in a pre-
labeled polythene bags and stored at 4°C for subsequent analysis. 
2.2 Mechanical Analysis of Soil 
The mechanical analysis of soil was carried out in soil mechanics laboratory at the 
Zakir Hussain College of Engineering and Technology, AMU, Aligarh. The grain 
size was determined following the sieve and sedimentation analysis (Prakash and 
Jain, 1984; Punmia, 1987). Briefly, the oven-dried soil was passed through a series 
of stacked sieves. The largest pore size sieve was placed at the top, while the 
smallest aperture sieve at the bottom. The sieves of the aperture sizes of 600 mm, 
425 mm, 300 mm, 212 mm, 150 mm and 75 mm were used. Soil samples were 
placed on 600 mm sieve in the assembly fitted on to a sieve-shaking machine and 
shaken for 10 min. The proportion of soil retained on each sieve was weighed, and 
the percentage of soil retained was calculated. The fraction of soil sample (50 g) 
passing through 75 mm sieve was subjected to hydrometer-based sedimentation 
analysis. 
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2.3 Physico-chemical Analysis of Soil 
(i) Measurement of Soil pH 
Suspensions of freshly collected soil were prepared in distilled water in the ratio of 
1:2.5 (w/v) and allowed to stand for 30 min with occasional stirring. The pH v.'as 
determined using Systronic digital pH meter (Model No. 335). The pH meter was 
routinely calibrated with the standard buffers of pH 4.0, 7.0 and 9.2. 
(ii) Measurement of Soil Temperature 
The soil temperature was recorded at the sampling site using a centigrade mercury 
thermometer graduated up to 110°C. 
(iii) Moisture Content of Soil 
Soil samples (10) were weighed in pre-weighed aluminum foils and placed in an 
oven at 80 °C for 24 h. The samples were cooled and weighed again. The difference 
in weight between the moist soil and oven dry soil is the moisture content and 
expressed in terms of percentage. 
(iv) Water Holding Capacity (WHC) of Soil 
WHC of soil was determined according to the method of Shaw (1958). Air-dried soil 
(50 g) was taken in a funnel lined with glass wool at its neck and its end fitted with 
rubber tubing and stopcock. 50 ml of water was added to it and allowed to stand for 
30 min. The water was then allowed to drain for 30 min. The difference in the 
volume of water initially added and the volume of water drained out from the soil 
provided the water holding capacity and expressed in terms of percentage. 
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2.4 Microbiological Analysis 
(!) Determination of Total Viable Bacterial Count in Soil 
Total viable count was determined using spread plate technique following the 
standard methods (APHA, 1985). Soil samples were homogenized in normal saline 
in a blender for 5 min at room temperature. Soil homogenate was serially diluted in 
the same diluent and plated on nutrient agar plates. Colonies were scored after 
incubation at 30°C and represented in terms of c.f.uml''. 
(n) Enumeration of Cellulolytic and Proteolytic Bacteria in Soil 
The cellulolytic and proteolytic bacteria were enumerated according to the method of 
WoUum (1982). For cellulolytic bacteria, the soil homogenate was plated on mineral 
salt medium supplemented with 1.2 % cellulose as a sole source of carbon and 
incubated at SO^C. Colonies were scored after 64 h incubation. For enumeration of 
proteolytic bacteria, samples were plated on gelatin agar plates and flooded with 
12.5% mercuric chloride solution. The plates were incubated at 30°C and the 
colonies forming the clear zones were recorded. 
(iii) Enumeration of Fungi in Soil 
Soil borne ftmgi were enumerated according to the method of Martin (1950). Diluted 
soil homogenate was plated on Rose-bengal agar (Martin's media). The plates were 
incubated at 28°C and fungal growth was observed after 4 days. 
(iv) Enumeration of Rhizobium in Soil 
Rhizobium in soil was enumerated following the method of Vincent (1970). Serially 
diluted soil suspension in normal saline was plated on yeast mannitol agar 
supplemented with 25 iigml"' congo red. The plates were incubated at 30°C for 24 h 
and the white colonies on plates were recorded. 
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2.5 Quantitative Estimation of Agrichemicals Using HPLC 
The calibration curves for the estimation of 2,4-D, phorate and carbofuran were 
obtained by injecting the pure compounds in increasing amounts as: 2,4-D (1 to 5 
|j.g), phorate (5 to 25 p,g), and carbofuran (1 to 8 \ig) into C-18 Novapak HPLC 
column. The peak area obtained was plotted as a flinction of absolute amount of 
specific agrichemical. The calibration curves for each agrichemical are shown in 
Figs. 11,12 and 13. 
2.6 Quantitative Estimation of Soluble Phosphate 
Soluble phosphorus was estimated according to the method of King (1932), using 
potassium dihydrogen orthophosphate (KH2PO4) as a source of inorganic phosphate. 
Increasing amounts of potassium dihydrogen orthophosphate ranging from 5 to 50 
l^ gml" were taken in a series of test tubes. To each tube, 1ml of chloromolybdic acid 
and 150 \i\ of chlorostannous acid were added. The absorbance of blue color 
developed was read at 600 nm and the calibration curve was plotted between the 
concentration of soluble phosphate and absorbance following linear regression 
analysis using Graphpad Software (Fig. 14). 
2.7 Quantitative Estimation of Indole Acetic Acid 
The indole acetic acid was assessed quantitatively by the method of Gordon and 
Weber (1950). Increasing concentrations of pure indole acetic acid ranging from 10 
to 100 ligmf' were taken in different test tubes to which 100 [i\ of 10 mM 
orthophosphoric acid and 4 ml reagent of 0.5 M FeCI? in 50 ml of 35% HCIO4 were 
added and incubated for 25 min. The absorbance of pinlk color developed was read at 
530 nm and plotted (Fig. 15) following the linear regression analysis. 
(tS 
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0 1 2 3 4 5 6 
Absolute amount of 2,4-D (|jg) 
Fig. 11: Calibration curve for 2,4-D estimation by HPLC analysis. 
0 5 10 15 20 25 
Absolute amount of phorate (pg) 
Fig. 12: Calibration curve phorate estimation by HPLC analysis. 
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Fig. 13: Calibration curve for estimation of carbofuran by HPLC analysis. 
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Fig. 14: Calibration curve for estimation of soluble phosphate. 
20 40 
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Fig. 15: Calibration curve for estimation of indole acetic acid. 
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1. Introduction 
Agrichemicals are the essential component of modem agricultural system. However, 
the extensive and indiscriminate use of agrichemicals for controlling plant disease and 
pests inflicts serious imbalance in the agro-ecosystem. Eventually, the agricultural soil 
serves as an ultimate sink for agrichemicals. On the contrary, the prevalence of soil 
microflora with innate bioremediation potential contributes substantially in reducing the 
pollution load. Thus, a large number of agrichemicals are efficiently degraded in soil, 
due to effective mechanisms of recruitment and assembly of diverse catabolic pathways 
in soil bacteria. The incessant exposure of soil microorganisms to sub-lethal doses of 
agrichemicals has been shovm to 'develop the enhanced detoxification ability, and 
acquisition of new traits (Felsot et al, 1981). These privileged microorganisms could 
be exploited for bio-augmentation of contaminated soil as a cost-effective method for 
bioremediation and soil health restoration vis-a-vis other mechanical technologies. 
Indeed, the major groups of agrichemicals contaminating the environment include the 
chlorinated aromatic compounds, organophosphates and carbamates (Chaudhry and 
Chapalamadugu, 1991; Donnelly et al, 1993). Amongst the organochlorine group of 
chemicals, the 2,4-dichlorophenoxyacetic acid (2,4-D) is widely used as a post-
emergence systemic herbicide for controlling broad-leaf vegetation (Beste, 1983). 
2,4-D is a selective herbicide that kills dicots by mimicking the growth hormone 
auxin, and causes uncontrolled growth leading to the death of susceptible plants 
(Harbome, 1988). Some of the common weeds that are controlled with 2,4-D are 
Canada thistle {Cirsium arvense), Water hyacinth {Eichhornia crassipes), and 
Sulfur cinquefoil {Potentilla recta). 2,4-D has also been reported to be genotoxic 
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both in the somatic and germ-line cells of Drosophila (Tripathy et al, 1993) and 
carcinogenic in humans (Blair et al, 1990; Zahm et al, 1990). In soil, the 
phenoxyalkanoic acid herbicides with pKa 2.6 to 3.3, exist predominantly as anions, 
adsorbed to positively charged sites on the edges of clay particles or to negatively 
charged surfaces through bridging cations. Thus, sorption of 2,4-D to soil clay and 
organic components prevents its cellular uptake and degradation (McGhee et al, 
1999). Moreover, due to excessive use of 2,4-D (>1800 metric tons) in the Indian 
agriculture system, the herbicide residues may persist for a significant period after 
application and could exert detrimental effects on the ecosystem (Beste, 1983). The 
rate of degradation of 2,4-D in the environment is dependent on the microbial 
population, pH, moisture, and temperature of the soil (Que-Hee and Sutherland 1981; 
Sandmanng^a/., 1988). 
Gradually, the organochlorine compounds have been replaced with the 
organophosphorus compounds due to relatively higher persistence and accumulation 
of former in the environment. The widespread use of organophosphate insecticides 
has long been shovm to exert deleterious effects on living microorganisms (Gultekin 
et al, 2001). In general, they are neurotoxic in nature being the inhibitors of 
neuronal cholinesterase, and also cause lipid peroxidation (Gupta et al, 1992; 
Gultekin et al, 2001; Altuntas et al, 2003). In this study, phorate [0,0-diethyl-S-
(ethylthio)methylpho3pho-radiothioate], a systemic insecticide has been chosen for 
assessment of its degradation rate in soil. This insecticide is extensively being used 
for the control of Grass grub {Costelytra zealandica), Porina moth (Wiseana sp.) and 
Argentine stem weevil {Listronotus bonariensis) in pasture, maize and brassica, 
respectively. It is also reportedly used for aphid control in potatoes (Szeto et al, 
1990) and larvae of carrot fly {Psila rosae) (Suett and Jukes, 1997). With the total 
production of 4800 metric tons (MT) of phorate in India (http://-www. indiainfolin. 
com/sect/chag/chl2.html), the persistence of this toxic (LD50 = 2 ppm) insecticide 
(Hassall, 1990) in the environment poses a serious concern. Although, different 
pathways of organophosphates decomposition such as hydrolysis, photolytic 
oxidation, and microbial transformation have been reported (Racke, 1992; Pehkonen 
and Zhang, 2002; Trebse and Arcon, 2003), a meager information is available on the 
microbial decomposition of phorate in the environment. Limited studies have 
demonstrated the microbial transformation of phorate into phosphodithioate 
sulfoxide and phosphodithioate sulfone (Chapman et al, 1982; Szeto et al, 1990). 
Another class of cholinesterase inhibitor, widely used as a carbamate insecticide for 
controlling the soil-dwelling and foliar feeding insects is carbofuran (2,3-dihydro-2, 
2 dimethy-7-benzofiiranoyl N-methylcarbamate) (Trotter, 1991; Trabue et al, 1997). 
This wide-spectrum insecticide has been chosen in this study due to its extensive 
application in agriculture and high toxicity (Sahoo et al, 1998; Wei et al, 2001). 
Also, due to its high water solubility and lower adsorption coefficient (Sukop and 
Cogger, 1992), it leaches through the unsaturated soil zones and cause contamination 
of the lakes, streams and ground water (Nicosia, 1991). It is degraded in soil and 
water by hydrolysis, photolysis and photodecomposition, yielding 2-hydroxyfuradan 
and furadan phenol (Chaudhry et al, 2002a,b; Wang and Lemley, 2003). Several 
bacteria capable of degrading carbofuran have been isolated and characterized 
(Ogram et al, 2000; Karpazous et al, 2000). They utilize carbofuran by hydrolysis 
of labile methylcarbamate linkage, yielding carbofurian-7-phenol and methylamine 
(Chaudhry and Ali, 1988; Chaudhry et al, 2002b). A majority of microorganisms 
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capable of metabolizing synthetic organic compounds harbor large degradative 
plasmids (Gillian et al, 2001). Specifically, the genes encoding 2,4-D degradation 
pathway are located both on conjugative plasmids (Bhat et al, 1994; Top et al, 
1995; Top et al, 1996) and bacterial genome (Matheson et al, 1996; Suwa et al, 
1996). Similarly, several strains capable of metabolizing carbofuran to CO2 harbor 
multiple plasmids, but only few of them have been extensively characterized (Head 
et al, 1992; Parekh, 1995; Feng et al, 1997; Ogram et al, 2000). 
The purpose of this study has been to assess the extent and kinetics of detoxification 
of the selected agrichemicals viz. 2,4-D, phorate £ind carbofuran in soil using 
bacterial strains indigenous to the contaminated sites. Thus, the comprehensive 
investigations have been carried out including the soil profiling of the test region, 
and screening of soil microflora with the aim to (i) isolate and characterize the 
indigenous bacteria capable of utilizing 2,4-D, phorate and carbofuran as a sole 
source of carbon and/or nitrogen and energy, (ii) chijracterize the degrader strains 
based on their morphological, cultural and biochemical characteristics as well as 
16SrDNA phylogenetic analysis, (iii) assess the grow1;h kinetics of degrader strains, 
(iv) determine the extent and rate of agrichemical degradation in soil microcosms, 
and (v) genetics of degrader strains. The molecular size of plasmids isolated from the 
strains and their implications in degradation of agrichemicals and auxiliary 
biological activities have also been -investigated. The plasmid profiling and the 
results obtained with the cured derivatives of the isolated strains provided useful 
information. The role of cognate plasmid harboring indigenous bacterial strains in 
bioremediation, and the possibility of collateral transfer of beneficial traits in the 
environment is envisaged. 
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2. Methods 
2.1 Mechanical, Physico-chemical and Microbiological Analysis of Soil 
Composite soil samples were collected from different locations at agricultural farms 
in vicinity of Aligarh Muslim Universit}' and suburban areas for determining the soil 
profile of the region. The grain size analysis of soil was performed by sieve and 
sedimentation techniques as already discussed in chapter-II. The physico-chemical 
and microbiological characteristics of soil have been aissessed following the methods 
described in chapter-II. 
2.2 Isolation and Characterization of Agrichemical Degrading Bacteria 
Bacterial strains capable of degrading 2,4-D, phorate and carbofuran were isolated 
fi-om agricultural soil following the enrichment culture technique. The herbicide 2,4-
D was dissolved in glass double distilled water, and the insecticides phorate and 
carbofuran were solubilized in dimethyl sulphoxide, and maintained as stock 
solutions in dark at 4°C. In brief, the soil homogenate (1ml) was added to 50 ml 
nutrient broth containing 100 ^gml"' of 2,4-D (99.4 %), phorate (94.6 %) and 
carbofuran (99.0 %) and incubated at 30°C with constant shaking at 150 rpm. 
Subsequently, 0.2 ml of each culture was separately plated on the mineral salt agar 
plates supplemented with varying concentrations of each agrichemical, separately as 
the sole carbon and/or nitrogen sources. The resulting colonies were repeatedly sub-
cultured on the same medium in presence of increasing concentrations of the desired 
agrichemical for confirming their degrading ability. The isolates were characterized 
based on the colony morphology, cultural and biochemical characteristics following 
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the Bergey's manual of determinative bacteriology (1994), and further confirmed 
their identity based on 16SrDNA sequence homology and phylogenetic analysis. 
2.3 Scanning and Transmission Electron Microscopy 
Briefly, for sample preparation the overnight grown bacterial cultures were 
centrifuged at 3000 rpm at 4°C. The cell pellet was washed several times in 
phosphate buffer (0.1 M, pH 7.4) and fixed in 2.5 % glutaraldehyde for 4 h. The 
sample was again centrifuged and the pellet washed with the same buffer to remove 
the fixative, and finally resuspended in double distilled water. One drop of the 
suspension was spread on the cover slip. The smear was air dried for 18 h and the 
cells were gold coated. The samples were then examined under scanning electron 
microscope (Leo 435VP) and transmission electron microscopy (Philips CM 10) at 
the Electron Microscopy Facility at the All India Institute of Medical Sciences, N. 
Delhi, India. 
2.4 DNA Isolation, PCR Amplification and 16SrDNA Based Phylogenetic 
Analysis 
The eight selected agrichemical degrading bacterial isolates were grown in nutrient 
broth at 30°C. Cells were harvested after 24 h and processed immediately for DNA 
isolation using standard procedure (Sambrook et al, 1989). The concentration and 
purity of DNA preparation were determined by measuring optical density at 260 nm 
and ratio at 260/280 nm, using a UV-Vis Spectrophotometer. Specifically, the 
purified genomic DNA of one of the isolates (NJ-15) was processed for PCR 
amplification and sequencing in the DNA sequencing facility at the Michigan State 
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University, East Lansing, MI, USA. The homology of partial 16SrDNA sequence 
was compared with the sequences in the RDP daitabase and phylogenetic tree 
constructed using RDP phylip interface {http://www.cme.msu.edu/RDP/cgis/ 
phylip.cgi). For the remaining seven isolates, viz. NJ-10, PS-1, PS-2, PS-3, NJ-101, 
NJ-115 and NJ-125, the PCR amplification and sequencing were carried out at the 
National Center for Cell Sciences, Pane, India, (courtesy of Dr. Yogesh S. Souche). 
In brief, the PCR amplification of full-length 16SrDNA gene was carried out with a 
primer set 16F27 (5'-CCAGAGTTTGATCMTGGCTCAG-3') and 16R1525XP (5'-
TTCTGCAGTCTAGAAGGAGGTGWTCCAGGC-3'), amplifying full-length (1.5 
Kb) 16SrRNA gene. The amplification reaction was performed on an automated 
thermal cycler (GeneAmp 9700). The amplification reaction was cycled as follows: 
94''C for Imin, 55°C for Imin; 72°C for Imin and a post-dwell at 72°C for Imin for 
30 cycles. The amplicons were analyzed on 1.5% agarose gel in IX TAE, and run at 
50 V for 2 h. The PCR products were purified using QIA quick PCR purification kit, 
Qiagen, USA. The cleaned 16SrDNA amplicons were sequenced using ABI PRISM 
310 Genetic Analyzer employing sequencing primer 16R 343 (5'-
ACTGCTGCCTCCCGTA-3'). The homology of the partial sequences was 
compared with the sequences in the NCBI database (BLASTN 2.0) and phylogenetic 
tree constructed using neighbors joining method (MEGA 2.1). 
2.5 Growth Kinetics of Agrichemical Degrading Isolates 
The bacterial isolates were separately grown in both the nutrient broth and mineral 
salt medium supplemented with 2,4-D (5 mgml''), phorate (200 ngml"') and 
carbofuran (200 ngmf') as sole source of carbon and/or nitrogen for growth kinetic 
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studies. The cultures were incubated at 30°C in a shaker water bath. At regular time 
intervals, the absorbance of the cultures was recorded at 600 nm using visible 
spectrophotometer (Spectronic 20, USA). The growth curves were obtained by 
plotting absorbance as a function of time. The growth rate and generation time for 
each strain were determined. 
2.6 Kinetics of Biodegradation 
The aliquots of 100 g sandy-loam soil obtained from the agrichemical contaminated 
agricultural land were amended with 2,4-D (100 ligml''), phorate (200 ngml"') and 
carbofuran (100 figml"'), separately. The soil samples were enriched with freshly 
grovm cultures of the indigenous degrader strains at a cell density of 10^  c.fu.g"' 
soils. The parallel controls consisting of sterilized soil with identical amounts of the 
test agrichemicals were run simultaneously. At different time points between 0 to 40 
days, aliquots of 5 g soil were removed in duplicate from the microcosms. The 
samples were subjected to organic solvent extraction three times with HPLC grade 
ethanol, acetone and acetonitrile for 2,4-D, phorate and carbofuran, respectively. The 
extracts were filtered and evaporated to near dryness on a rotary thin film evaporator. 
The residues were dissolved in 5 ml of methanol and stored at 4°C until analysis. The 
pesticide analysis was performed on Shimadzu HPLC system (Japan) Model LC-6A 
coupled with SPD-6AV UV/visible detector. Separation was achieved by using a C-
18 NovaPak (4^m) radically compressed cartridge. For 2,4-D, the mobile phase 
consists of 0.75 mM phosphoric acid (pH 2.0) and methanol in the ratio of 40:60. 
The flow rate was 1.5 mlmin"' and absorbance was read at 210 nm. For phorate 
analysis, the mobile phase of methanol:water in the ratio of 68:32 was used. The 
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flow rate of 1.2 mlmin"' was maintained and absorbance was read at 230 nm. The 
carbofuran analysis was performed using acetonitrile:water in the ratio of 30:70 as a 
mobile phase. The flow rate was 1.0 mlmin'' and absorbance was read at 254 nm. 
The degradation rate constant (k) was determined using the algorithm Ct/Co = e""*^ ', 
where Co the amount of agrichemical in the soil at time zero, Ct is the amount of 
agrichemical in soil at time t, and k and t are the rate constant (d") and degradation 
period in days, respectively. 
2.7 Antibiotic Sensitivity Profile 
All eight degrader strains were tested for their sensitivity to different antimicrobial 
agents by disc diffusion method (Bauer et al, 1966). Exponentially grown cells (Ix 
o 1 
10" c.fu.ml-) were mixed with 3.0 ml of molten soft agar and overlaid on the 
surface of nutrient agai- plates and allowed to set for half an hour. The antibiotic 
impregnated discs of predetermined concentrations were than placed on the agar 
layer using sterile forceps and the plates were incubated overnight at 37°C. The zone 
of inhibition of growth around the antibiotic discs was measured and the results 
recorded as resistant or sensitive, based on zone sizes. 
2.8 Plasmid DNA Isolation 
Plasmid DNA was isolated from the agrichemical degrading bacterial strains 
following the method of Kado and Liu (1981). Briefly, the cells from exponential 
cultures were lysed by alkaline SDS (pH 12.5) and incubated at 65°C for 30 min. 
DNA was extracted with a 1:1 mixture of phenol and chloroform and centrifuged at 
6000 rpm for 15 min at 4°C. The aqueous layer was recovered and DNA precipitated 
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with ethanol at -20°C. The precipitate was recovered by centrifugation at 10,000 rpm 
for 10 min. The pellet was washed with 70% ethanol, dried and resuspended in TE 
buffer, pH 8.0. The plasmid was resolved on 0.7% agarose by performing horizontal 
slab gel electrophoresis using TAE buffer, pH 7.4 at a constant voltage of 40 V for 4 
h. DNA was stained with ethidium bromide (0.5 ligml"') for 30 min in dark. The gel 
was washed and the bands visualized and photographed using Gel documentation 
system (Vilber Lourmat, France). Molecular size analysis was performed using 
photocapt software. 
2.9 Plasmid Curing in Bacteria 
For curing of plasmids, the effective concentration of acridine orange, used as a 
curing agent was determined based on the minimum inhibitory concentration (MIC) 
values in liquid medium. Stock solution of acridine orange (10 mgmf' in distilled 
water) was prepared and sterilized by passing through 0.45-fim membrane filter. 
From the stock, a series of dilution in nutrient broth were made. Based on MIC value 
with each bacterial strain, the sub-lethal doses of curing agent were selected and 
curing was performed following the procedure of Waitanabe and Fukasama (1961). 
Cultures of bacterial strains were grown in nutrient broth in presence of acridine 
orange at 37°C for 24 h. The cells were recovered by centrifugation at 5000 rpm for 
5 min and v/ashed extensively with normal saline solution. The cell pellet was finally 
resuspended in normal saline solution and serially diluted and plated on nutrient agar 
plates with and without ampicillin (100 figml''). Cells without curing agent were also 
plated in parallel, to check the normal growth and spontaneous loss of drug 
resistance marker. The percent curing 'X' was determined using the relationship as: 
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Total colony count on simple nutrient agar plate 
A — X100 (6) 
Total count on selective marker containing plate 
The loss of characters in cured derivatives was also assessed by replica-plating on 
the non-selective and selective media prepared for tracking the specific traits. 
Briefly, the cells treated with the highest concentration of acridine orange in case of 
each degrader strain were replica plated on nutrient agar plates without and with 
ampicillin (100 lagml"'). The cured derivatives indicating loss of ampicillin marker 
were identified and maintained separately for further validation. 
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3. Results 
3.1 Mechanical, Physico-chemical and Microbiological Analysis of Soil 
The mechanical analysis provided the information related to the composition and 
texture of soil of the test region. Table 11 shows the soil profile indicating the grain 
size distribution as the fine-sand (50 to 57%), medium-sand (12 to 15%), coarse-sand 
(2 tolO%), silt (19.9 to 25.7%) and clay (3 to 3.1%). Overall the soil texture has been 
determined to be sandy-loam (Table 11). Table 12A showed marginal seasonal 
variations in the pH values. The soil in the test region has been invariably found to 
be alkaline in nature. Moreover, the perceptible seasonal variations in soil 
temperature have been noticed. The average temperatures during spring and summer 
seasons were observed to be 29.8°C + 1.4 and 34°C ± 0.7, respectively. The soil 
moisture levels have also been found to vary in the range from 7.4 to 12.4 % with 
seasonal changes. The highest level of moisture content has been noticed during 
winters. The water holding capacity also exhibited slight seasonal variability. The 
seasonal fluctuations also significantly influence the soil microflora. The results in 
Table 12B clearly indicate the pattern of microbial diversity in soil. Significant 
seasonal variations have been observed in frequency of distribution of the 
cellulolytic, proteolytic bacteria, rhizobium and fungi in soil. The microbial 
population invariably found to be low during winters and maximum during summer 
season. 
3.2 Isolation and Characterization of Agrichemical Degrading Bacteria 
Eight bacterial isolates capable of independently utilizing a selected herbicide (2,4-
D) and two insecticides (Phorate and Carbofuran) as a sole source of carbon and/or 
Table 11: Textural classification and grain siize distribution of soil in 
Aligarh region. 
% Grain size 
Sampling site Soil texture 
Sand Silt Clay 
University farm Sandy loam 71(55,15,1)* 25.9 3.1 
Private farm-1 Sandy loam 74(57,15,2)' 22.9 3.1 
Private farm-2 Sandy loam 77(53,15,9)* 20.7 3.1 
Private farm-3 Sandy loam 77(55,12,10)' 19.9 3.1 
Private farm-4 Sandy loam 71(50,14,7)' 19.9 3.1 
The values shown in parenthesis are the percentage of fine, medium and coarse sand 
particles. 
Table 12 A: Physico-chemical analysis of soil in different seasons. 
Parameters 
pH 
Moisture 
Temperature 
Water holding 
capacity 
Winter 
(Jan-Dec) 
8.10 ± 0.10 
12.4 ± 2.30 
20.0 ± 1.01 
48.8 ± 1.78 
Spring 
(Mar-April) 
8.20 ± 0.14 
9.00 ± l.O'O 
29.8 ± 1.40 
47.6 ± 3.84 
Summer 
(June-July) 
8.30 ± 0.15 
7.40 ± 1.81 
34.0 ± 0.70 
41.8 ± 2.64 
Values represent the mean ± S.D of the experiments done in triplicate 
Table 12 B: Microbial analysis of soil in different seasons. 
Microbial population 
(per gm soil) 
Total viable bacterial count 
(xlO^) 
Cellulolytic bacteria ( x 10^ ) 
Proteolytic bacteria (x 10^ ) 
Rhizobium(xlO^) 
Fungi (X 10^ ) 
Winter 
(Jan-Dec) 
0.40 + 0.01 
0.11 ± 0.01 
0.78 ± 0.02 
0.76 + 0.10 
0.42 + 0.02 
Spring 
(Mar-April) 
1.02 ± 0.01 
6.50 ± 0.39 
4.3010.55 
1.60 ± 0.32 
1.41 ± 0.14 
Summer 
(June-July) 
3.90 ± 0.15 
1.69 + 0.40 
5.20 ± 0.35 
4.90 ± 0.86 
1.92 ± 0.15 
Values represent the mean ± S.D of the experiments done in triplicate 
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nitrogen have been screened from a total of 850 isolates obtained from the 
agricultural soil by enrichment culture technique. These isolates were selected owing 
to their enhanced biodegradation potential based on the relatively high efficiency of 
metabolizing the agrichemicals in mineral salt medium. The strain designations and 
substrate specificity of the degrader isolates are shown in Table 13. The cultural and 
morphological studies suggested that all the eight isolates viz. NJ-10, NJ-15, PS-1, 
PS-2, PS-3, NJ-101, NJ-115 and NJ-125 are aerobic and Gram-negative rods. 
Performing the scanning and transmission electron microscopy has further validated 
the morphology. The high-resolution images (Figs. 16 to 18) provided the bacterial 
cell sizes, which were found varying in the range from 1.02 to 1.65 ^m. The 
transmission electron micrographs revealed the presence of flagella invariably in all 
the isolated strains. The strains NJ-10, PS-2 and NJ-115 formed pale yellow color, 
circular and slightly raised colonies on solid medium. The isolates NJ-15 and NJ-101 
produced large, irregular, greenish yellow colonies with earthy smell. These isolates 
also produced water-soluble diffusible pigment, which changes the medium color to 
green after 48 h of incubation at 30°C. The isolate PS~3 formed white color colonies, 
which swarm on the surface of soft agar. The isolate PS-1 formed mucilaginous 
colonies on the yeast extract mannitol agar plate and the isolate NJ-125 produced 
transparent and light yellow colonies. 
The biochemical tests provided the presumptive identification of the degrader strain 
(Tables 14 to 16). The strain identification was confirmed based on 16SrDNA 
sequence homology and phylogenetic analysis. The partial 16SrDNA sequence with 
the corresponding dendogram for each strain, exhibiting phylogenetic relationship 
with the members of eubacterial family, and the expected value (E value) as an index 
Table 13: Identification and substrate specificity of the 
agrichemical degrading soil bacterial isolates. 
Isolates 
NJ-10 
NJ-15 
PS-1 
PS-2 
PS-3 
NJ-101 
NJ-115 
NJ-125 
Strain designation 
Pseudomonas putida 
Pseudomonas aeruginosa 
Rhizobium sp. 
Pseudomonas putida 
Proteus sp. 
Pseudomonas aeruginosa 
Pseudomonas putida 
Pseudoxanthomonas 
mirabilis 
Substrate 
(carbon source) 
2,4-D 
2,4-D 
Phorate 
Phorate 
Phorate 
Carbofuran 
Carbofuran 
Carbofuran 
2,4-D: 2, 4-dichlorophenoxyacetic acid 
Phorate: 0,0-diethyl-S-(ethylthio)methyl phosphorodithioate 
Carbofuran: 2,3-dihydro-2, 2 dimethy-7-benzofuranayl-N-
methylcarbamate 
£0!S!*. 
Fig. 15: Scanning and transmission electron microscopy depicting cell morphology, 
size, and flagetla of 2,4-D degrading bacterial strains. A-1: NJ-10 (SEM), X 
10,000; A-2: NJ-10 (TEM), X 8,400; B-1: NJ-15 (SEM), X 10,000; B-2: NJ-
15 (TEM), X 6.300. 
r: 
i 
Fig. 17: Scanning and transmission electron microscopy depicting cell morphology, 
size and flagella of phorate degrading bacterial strains. A-1: PS-1 (SEM), 
X 8,500; A-2: PS-1 (TEM), X 8,400; B-1: PS-2 :SEM), X 10,000; B-2: PS-
2 (TEM), X 15,500; C-1: PS-3 (SEM), X 8,;C0; C-2: PS-3 (TEM), X 
21,500. 
^ 
Fig, 18: S;:ann:ng and transmission electron microscopy depicting cell 
morpnology, size, and flagella of carbofuran degrading bacterial 
strains. A-1: NJ-lOl (SEM), X 8,500; A-2: NJ-lOl (TEM), X 8,400; 
B-1: NJ-115 ^SEI\C', X 8,500; B-2: NJ-115 (TEM), X 44,000; C-1: 
NJ-125 (SEM), X 8,500; C-2: NJ-125 (TEM), X 8,400. 
Table 14: Morphological and biochemical characteristics of 2,4-D 
degrading soil bacteria. 
Characteristics Soil isolates 
NJ-10 NJ-15 
Colony morphology Smooth, circular. Large, irregular colony, 
cream color colony greenish yellow, changes 
with entire margin the medium color to 
gieen after 48 h 
incubation 
Gram stain 
Fluorescent non-
diffusible pigment 
Fluorescent diffusible 
pigment 
Biochemical tests 
Indole test 
Voges-Proskauer 
Methyl red 
Citrate 
Mannitol fermentation 
Lactose fermentation 
Glucose fermentation 
Sucrose fermentation 
Gelatin hydrolysis 
Catalase 
Oxidase 
Nitrate reduction 
Urease 
Starch hydrolysis 
Presumptive 
Identification 
-ve bacilli 
_ 
+ 
-
-
-
+ 
-
-
+ 
+ 
-
+ 
+ 
+ 
-
+ 
Pseudomonas sp. 
-ve bacilli 
+ 
-
-
-
+ 
— 
+ 
+ 
— 
-
+ 
+ 
+ 
-
-
Pseudomonas 
aeruginosa 
Table 15: Morphological and biochemical characteristics of phorate 
degrading soil bacteria. 
Characteristics Soil isolates 
PS-1 PS-2 PS-3 
Colony morphology 
Gram stain 
Circular, semitran- Smooth, circular. Spread in a 
slucent raised mucoid colony uniform film 
colony with having serrate over moist 
polysaccharide margin surface 
production 
-ve bacilli -ve bacilli -ve bacilli 
Keto lactose test N.D N.D 
Fluorescent diffusible 
pigment 
Swarming 
Biochemical tests 
Indole test 
Voges-Proskauer 
Methyl red 
Citrate 
Mannitol fermentation 
Lactose fermentation 
Glucose fermentation 
Sucrose fermentation 
Tyrosine utilization 
Gelatin hydrolysis 
Catalase 
Oxidase 
Nitrate reduction 
Urease 
Starch hydrolysis 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Presumptive 
Identification 
Rhizobium sp. Pseudomonas sp. Proteus sp. 
N.D: not done 
Table 16: Morphological and biochemical characteristics of carbofuran degrading 
soil bacteria. 
Characteristics Soil isolates 
NJ-101 NJ-115 NJ-125 
Colony morphology 
Gram stain 
Fluorescent diffusible 
pigment 
Fluorescent non-
diffusible pigment 
Biochemical tests 
Indole test 
Voges-Proskauer 
Methyl red 
Citrate test 
Mannitol fermentation 
Lactose fermentation 
Glucose fermentation 
Sucrose fermentation 
Gelatin hydrolysis 
Catalase 
Oxidase 
Nitrate reduction 
Urease 
Starch hydrolysis 
Large, irregular Smooth, circular. Small, circular, light 
colony, greenish cream colored yellow colony with 
yellow, changes the colony with entire serrate margin 
medium color to margin 
green after 48 h 
incubation 
-ve bacilli 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-ve bacilli 
+ 
+ 
+ 
+ 
+ 
+ 
-ve bacilli 
N.D 
N.D 
+ 
+ 
+ 
+ 
+ 
Presumptive 
Identification 
Pseudomonas sp. Pseudomonas sp. Unidentified sp. 
N.D: Not detected 
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of percent homology are shown in Figs. 19 to 25. The aberrant sequencing of strain 
PS-3 16SrDNA amplicon does not provided any conclusive information on its 
identification. However, the phylogenetic analysis revealed the identification of 
strains as: NJ-10 {Pseudomonas putida), NJ-15 {Pseudomonas aeruginosa), PS-1 
(Rhizobium sp.) PS-2 {Pseudomonas putida), PS-3 (Proteus sp.), NJ-101 
(Pseudomonas aeruginosa), NJ-115 (Pseudomonas putida) and 
(Pseudoxanthomonas mirabilis) (Figs. 19 to 25). The isolates NJ-10 and NJ-15 
exhibited substantial growth in mineral salt medium supplemented with 5 mgml"'of 
2,4-D as a sole source of carbon and energy. The isolates PS-1, PS-2, and PS-3 
showed significant growth in mineral salt medium containing up to 200 ^gml"' 
phorate as a sole carbon source. The strains NJ-101, NJ-115 and NJ-125 showed 
growth both in the mineral salt medium and nitrogen-free mineral salt medium 
supplemented with 200 jigmf' carbofiiran, as a sole source of carbon and nitrogen. 
3.3 Growth Kinetics of Bacterial Isolates 
Fig. 26 shows the growth curves of strains NJ-10 and NJ-15 in the nutrient broth and 
mineral salt medium supplemented with 5 mgml"' 2,4-D. The cells exhibited 
exponential growth and attained the stationary phase after 10 h of incubation at 30°C. 
The generation times for strains NJ-10 and NJ-15 were estimated as 53 and 54 min, 
respectively in nutrient broth. However, the growth of these strains in mineral salt 
medium containing identical amount of 2,4-D progressed at a much slower rate. The 
growth curve shows a prolonged (10 h) lag phase as an adaptation period before the 
exponential growth has been resumed. Similarly, the Fig. 27 shows the growth of 
phorate degrading bacterial strains in both the nutrient broth and mineral salt 
Panel-A 
CAGTTCAGTGTGATGATCATCCTCTCAGACCAGTTACGGATCGTCGCCTTGGTGAGCCATTACCTCACCAACTAGCT 
AATCCGACCTAGGCTCATCTGATAGCGCAAGGCCCGAAGGTCCCCTGCTTTCTCCCGTAGGACGTATGCGGTATTAG 
CGTTCCTTTCGAAACGTTGTCCCCCACTACCAGGCAGATTCCTAGGCATTACTCACCCGTCCGCCGCTGAATCAAGG 
AGCAAGCTCCCGTCATCCGCTCGACTTGCATGTGTTAGGCCTGCCGCCAGCGTTCAATCTGAGCCATGATCAAACTC 
TGG 
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53 
100 
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E value 
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Fig. 19: Sequence homology and phylogenetic analysis for identification of strain NJ-10. 
Panel A: Partial sequence of PCR amplified 16SrDNA fragment (311 bp) of strain 
NJ-10 sequenced with ABI PRISM 310 Genetic Analyzer. Panel B: Dendogram 
representing genetic relatedness between the strain NJ-10 and members of bacterial 
iamily. The phylogenetic tree was constructed using neighbour joining method 
(MEGA 2.1). 
Panel C: The homology of partial sequence compared with the sequences in the 
database using NCBI "Gapped BLASTN" (version 2.0). 
Panel-A 
CCGCCTAACACATGCAAGTCGAGCGGATGAAGGGAGCTTGCTCCTGGATTCA 
GCGGCGGACGGGTGAGTAATGCCTAGGAATCTGCCTGGTAGTGGGGGATAAC 
GTCCGGAAACGGGCGCTAATACCGCATACGTCCTGAGGGAGAAAGTGGGGGA 
TCTTCGGACCTCACGCTATCAGATGAGCCTAGGTCGGATTAGCTAGTTGGTGG 
GGTAAAGGCCTACCAAGGCGACGATCCGTAACTGGTCTGAGAGGATGATCAG 
TCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGG 
AATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGA 
AGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGTTAA 
TACCTTGCTGTTTTGACGTTACCAACAGAATAAGCACCGGCTAACTTCGTGCC 
AGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGT 
AAAGCGCGCGTAGGTGGTTCAACAAGTTGGATGTGAAATCCCCNGGCTCAAC 
CTGGGAACTGCATCCAAAACTACTGAGCTAGAGTACNGTAGAAGGTGGTGGA 
ATTTNCTGTGTAGCGGTGAAATGCCTTANATATAGGAAGGAACACCAGTGGC 
GAAGGCGACACCTGGACTGATACTGACACTGANGTGCCAAAGCCTGGGGAGC 
CAACAGGATTAGATCT 
Panel-B 
StrJTB 12 
Psendomonas aeuroginosa str. 86351 
Str.BDI-3 
Pseudomonas aeruginosa 
Pseudomonas aeruginosa 
NJ-15 
~ Pseudomonas aeruginosa LMG 1242 T 
- Clone SJA-38 
- Clone SJA-64 
Pseudomonas Bu34 str. Bu34 
Pseudomonas aeruginosa str.AL 98 
Fig. 20: Phylogenetic analysis for identification of strain NJ-15. 
Panel A: Partial sequence of PCR amplified 16SrDNA fragment (747bp) of 
strain NJ-15 sequenced with ABI Prism fluorescent DNA sequencer. 
Panel B: Phylogenetic analysis of strain NJ-15 using 16SrDNA partial 
sequence. Genetic relatedness between the strain NJ-15 and members of 
bacterial family was inferred from distance matrix of pair-wise distances and 
the phylogenetic tree was developed using RDP phylip interface software. 
P a n e l - A 
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AGGGTATGTTCCAAAG 
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Fig. 21: Sequence homology and phylogenetic analysis for identification of strain PS-1. 
Panel A: Partial sequence of PCR amplified 16SrDNA fragment (155 bp) of 
strain PS-1 sequenced with ABI PRISM 310 Genetic Analyzer. 
Panel B: Dendogram representing genetic relatedness between the strain PS-1 and 
members of bacterial family. The phylogenetic tree was constructed using 
neighbour joining method (MEGA 2.1) 
Panel C: The homology of partial sequence compared with the sequences in the 
database using NCBI "Gapped BLASTN" (version 2.0). 
Panel-A 
TCTGGCCAGTTACGGATCGTCGCCTTGGTGAGCCATTACCTCACCAACTAGCTAATCCGACCTAGGCTCATCTGATAG 
CGCAAGGCCCGAAGGTCCCCTGCTTTCTCCCGTAGGACGTATGCGGTATTAGCGTTCCTTTCGAAACGTTGTCCCCCA 
CTACCAGGCAGATTCCTAGGCATTACTCACCCGTCCGCCGCTGAATCAAGGAGCAAGCTCCCGTCATCCGCTCGACTT 
GCATGTGTTAGGCCTGCCGCCAGCGTTCAATCTGAGCCATGATCAAAC 
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Fig. 22: Sequence homology and phylogenetic analysis for identification of strain PS-2. 
Panel A: Partial sequence of PCR amplified 16SrDNA fragment (282 bp) of strain 
PS-2 sequenced with ABI PRISM 310 Genetic Analyzer. 
Panel B: Dendogram representing genetic relatedness between the strain PS-2 and 
members of bacterial family. The phylogenetic tree was constructed using neighbour 
joining method (MEGA 2.1). 
Panel C: The homology of partial sequence compared with the sequences in the 
database using NCBI "Gapped BLASTN" (version 2.0). 
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AACAGTTATTTCCGTCGCCTTGGAAGGCCTTTACCCCACCAACTAGCTAATCCGACCTAGGCTCATCTGATAGCGTGAGG 
TCCGAAGATCCCCCACTTTCTCCCTCAGGACGTATGCGGTATTAGCGCCCGTTTCCGGACGTTATCCCCCACTACCAGGC 
AGATTCCTAGGCATTACTCACCCGTCCGCCGCTGAATCCAGGAGCAAGCTCCCTTCATCCGCTCGACTTGCATGT 
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Fig. 23: Sequence homology and phylogenetic analysis for identification of strain NJ-101. 
Panel A: Partial sequence of PCR amplified 16SrDNA fragment (235 bp) of strain NJ-
101 sequenced with ABI PRISM 310 Genetic Analyzer. 
Panel B: Dendogram representing genetic relatedness between the strain NJ-101 and 
members of bacterial family. The phylogenetic tree was constructed using neighbour 
joining method (MEGA 2.1). 
Panel C: The homology of partial sequence compared with the sequences in the 
database using NCBI "Gapped BLASTN" (version 2.0). 
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TAGGCATTACTCACCCGTCCGCCGCTGAATCAAGGAGCAAGCTCCCGTCATCCCGCTCGGACTTGCATGTTG 
TTAGGCCAGCCGCCAGCCGTTCAATCTGAGCCATGATCCAACTTTGGGAA 
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Fig. 24: Sequence homology and phylogenetic analysis for identification of strain NJ-115. 
Panel A: Partial sequence of PCR amplified 16SrDNA fragment (266 bp) of strain 
NJ-115 sequenced with ABI PRISM 310 Genetic Analyzer. 
Panel B: Dendogram representing genetic relatedness between the strain NJ-115 and 
members of bacterial family. The phylogenetic tree was constructed using neighbour 
joining method (MEGA 2.1). 
Panel C: The homology of partial sequence compared with the sequences in the 
database using NCBI "Gapped BLASTN" (version 2.0). 
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Fig. 25: Sequence homology and phylogenetic analysis for identification of strain NJ-125. 
Panel A: Partial sequence of PCR amplified 16SrDNA fi-agment (239 bp) of strain NJ-
125 sequenced with ABI PRISM 310 Genetic Analyzer. 
Panel B: Dendogram representing genetic relatedness between the strain NJ-125 and 
members of bacterial femily. The phylogenetic tree was constructed using neighbour 
joinmg method (MEGA 2.1). 
Panel C: The homology of partial sequence compared with the sequences in the 
database using NCBI "Gapped BLASTN" (version 2.0). 
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Fig. 26: Growth kinetics of the pure cultures of 2,4-D degrading bacterial 
strains isolated from soil. Panels show the growth curves of strains 
NJ-10 (•) and NJ-15 (A) in nutrient broth (panel-A) and mineral 
salt medium (panel-B) supplemented with 5 mgf' 2,4-D as a sole 
carbon source. 
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Fig. 27: Growth kinetics of the pure cultures of phorate degrading bacterial 
strains isolated from soil. Panels show the growth curves of strains 
PS-1 (•), PS-2 (•) and PS-3 (A) in nutrient broth (panel-A) and 
mineral salt medium (panel-B) supplemented with 200 ngmf' 
phorate as a sole carbon source. 
i i : 
medium supplemented with 200 fJ-gmf' phorate. The isolates PS-2 and PS-3 
exhibited exponential growth up to 18 h of incubation, while the isolate PS-1 being a 
slow grower reached the stationary phase after 32 h of incubation. The maximum 
growth rates (i^ max) of the isolates PS-1, PS-2 and PS-3 in nutrient broth were 
determined to be 0.52, 0.90 and 0.97 h"', respectively. Fig. 28 shows the growth 
curves of NJ-101, NJ-115 and NJ-125 in nutrient broth and mineral salt medium 
supplemented with 200 p-gml"^  carbofuran. The generation times for NJ-101 and NJ-
125 were estimated as 51.4, 83 and 54 min, respectively. The maximum growth rates 
(l^ max) in nutrient broth were determined as 1.16, 0.92 and 0.52 h"', respectively. 
However, in mineral salt medium the strains invariably exhibited relatively longer 
lag period before the exponential growth. 
3.4 Kinetics of Agrichemical Biodegradation 
Microbial Degradation of 2,4-D 
The results on the kinetics of 2,4-D degradation indicated complete disappearance of 
2,4-D as a function of time under specified conditions (Fig. 29). The data exhibited 
96.6 and 99.8 % degradation of 2,4-D in the soil microcosms, separately augmented 
with the strains NJ-10 and NJ-15, respectively with in 20 days of incubation at 30°C. 
The extent of 2,4-D degradation has been determined using the calibration curve 
(Fig. 11) plotted with pure 2,4-D as a standard, as described in chapter-II. The 
control consisting of sterilized soil with identical concentration of 2,4-D has not 
shown any 2,4-D degradation. The pattern of 2,4-D disappearance from 
bioaugmented soil exhibited first-order kinetics. The rate of biodegradation of 2,4-D 
with strain NJ-15 is determined to be relatively faster than strain NJ-10, under 
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Fig. 28: Growth kinetics of the pure cultures of carbofiiran degrading bacterial 
strains isolated from soil. Panels show the growth curves of strains NJ-
101 (•), NJ-1I5 ( • ) and NJ-125 (A) in nutrient broth (panel-A) and 
mineral salt medium (panel-B) supplemented with 200 [igmf' carbofiiran 
as a sole carbon source. 
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Fig. 29; Rate of disappearance of 2,4-D in soil microcosm augmented with 
the pure cultures of the 2,4-D degrading bacterial strains NJ-10 and 
NJ-15. The amounts of 2,4-D remaining in amended soil at 
different time points were estimated by HPLC analysis using the 
calibration curve shown in Fig. 11 (Chapter-II). The inset shows the 
percent degradation of 2,4-D as a function of time. 
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identical conditions as evident from the rate constant of 0.084 and 0.112 d" for NJ-
10 and NJ-15, respectively. 
Microbial Degradation of Phorate 
Fig. 30 shows the kinetics of disappearance of phorate in soil microcosm. Microbial 
degradation of phorate in soil bioaugmented with the pure cultures of the three 
degrader strains viz. PS-1, PS-2 and PS-3 showed almost similar pattern of phorate 
disappearance. The degradation data indicated the time-dependent reduction in the 
amount of phorate initially added to the soil. About 98 % of phorate disappeared 
from bioaugmented soil with in 40 days of incubation at 30°C. The extent of 
degradation has been determined using the calibration curve (Fig. 12) with standard 
phorate based on HPLC analysis as discussed in chapter II. The autoclaved soil used 
as a control under identical conditions has not shown any significant degradation. 
The kinetic studies demonstrated the first-order rate kinetics with the rate constants 
as 0.04, 0.05 and 0.04 d'' for PS-1, PS-2, and PS-3, respectively. 
Microbial Degradation of Carbofuran 
The kinetics of carbofuran degradation in soil microcosm is shovra in Fig. 31. The 
results showed almost complete transformation of carbofiiran as a function of time 
under specified condition. Almost 100% degradation of carbofuran has been 
achieved with in 40 days of incubation at 30 C in soil enriched with the strains NJ-
101, NJ-115 and NJ-125, separately. The extent of carbofuran degradation has been 
determined using the calibration curve (Fig. 13) with standard carbofuran, as 
described in chapter-II. The degradation isotherms revealed the time-dependent 
disappearance of carbofuran with the rate constants as 0.035, 0.038 and 0.045 d"' 
1.0 
1 15 
0 O C 
o 
o 
o 
2 
+i» c 
o 
o 
c 
o 
u 
!§ 
'c 
0.5 -
0.0 
-
— 
100 
.2 80 
(0 
ro 60 
g 40 
^ 20 
t - * - t t tt r 
• Control 
• PS-1 
• PS-2 
^ ^ PS-3 
# 
0 10 20 30 
Time of incubation (d) 
40 
Fig. 30: Rate of disappearance of phorate in soil microcosm augmented with 
pure cultures of phorate degrading bacterial strains PS-1, PS-2 and 
PS-3. The amounts of phorate remaining in amended soil at 
different time points were estimated by HPLC analysis using the 
calibration curve shown in Fig. 12 (Chapter-II). The inset shows the 
percent degradation of phorate as a function of time. 
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Fig. 31: Rate of disappearance of carbofiiran in soil microcosm 
augmented with pure culture of carbofiiran degrading bacterial 
strains NJ-101, NJ-115, NJ-125. The amounts of carbofiiran 
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following the first-order rate kinetics. The parallel control comprised of sterilized 
soil containing identical amount of carbofuran has not shown any degradation. 
3.5 Antibiotic Sensitivity Pattern of Degrader Strains 
All the eight agrichemical degrading bacterial strains exhibited resistance to multiple 
antibiotics. The differential pattern of resistance towards antibiotics is shown in 
Table 17. The data indicate that five out of eight (62.5 %) strains exhibited resistance 
to eight antibiotics. Specifically, the 2,4-D degraders viz. NJ-10 and NJ-15 showed 
resistance to eight different antibiotics. The phorate degrading strain PS-1 showed 
resistance to two antibiotics, whereas the strains PS-2 and PS-3 conferred resistance 
to eight different antibiotics. Moreover, the carbofiii'an degraders, NJ-101, NJ-115 
and NJ-125 were resistant to eight, seven and six antibiotics, respectively. Indeed, 
most of the antibiotic markers tested are known to be plasmid borne, with the 
exception of rifampicin, which is chromosomally encoded. Interestingly, the strains 
NJ-15 and NJ-101 demonstrated inherent resistance to rifampicin. The fi-equency of 
resistance offered by the test strains towards ampicillin and novobiocin have been 
determined to be 100 % followed by 85 % resistance to cloxacillin, methicillin and 
nalidixic acid, 75 % resistance to chloramphenicol, tetracycline and deoxycycline. 
However, the frequency of resistance towards rifampicin and streptomycin has been 
assessed as 25 % and 12.5 %, respectively. 
3.6 Assessment of Plasmids in Degrader Strains and Their Curing 
Agarose gel electrophoresis revealed the presence of plasmid DNA in all the eight 
bacterial strains. Figs. 32 to 34 show the molecular size of the plasmid DNA 
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Fig. 32: Panel A: Agarose gel electrophoresis of plasmid DNA isolated from 
2,4-D degrading bacterial strains NJ-10 and NJ-15. Lane 1: Ladder (k 
DNA double digest EcoRl and Hind III), as molecular size marker, 
Lane 2: Plasmid pNJ-10 and Lane 3: plasmid pNJ-15. 
Panel B: Peak profile of the corresponding bands in Lane 1 
representing the marker ladder for molecular size determination of 
isolated plasmids using PhotoCapt MW software (Version 10.01). 
Fig. 33: Panel A: Agarose gel electrophoresis of plasmid DNA isolated 
from pborate degrading bacterial strains PS-1, PS-2 and PS-3. 
Lane 1: Ladder (k DNA double digest EcoRl and Hind III), 
as molecular size marker; Lane 2: Plasmid pPS-1; Lane 3: 
plasmid pPS-2 and Lane 4: plasmid pPS-3. 
Pane] B: Peak profile of the corresponding bands in Lane 1 
representing the marker ladder for molecular size 
determination of isolated plasmids using PhotoCapt MW 
software (Version 10.01). 
Fig. 34: Panel A: Agarose gel electrophoresis of plasmid DNA isolated from 
carbofUran degrading bacterial strains NJ-101, NJ-115 and NJ-125. Lane 1: 
Supermix DNA ladder, used as molecular size marker, Lane 2: Plasmid pNJ-
101; Lane 3: plasmid pNJ-115 and Lane 4: plasmid pNJ-125. 
Panel B: Peak profile of the corresponding bands in Lane 1 representing the 
marker ladder for molecular size determination of isolated plasmids using 
PhotoCapi MW software (Version 10.01). 
1Z2 
molecules resolved on 0.7 % agarose. The plasmids pNJlO and pNJ15 from strains NJ-
10 and NJ-15 have been determined to be of 21.5 and 21.2 Kb, respectively. Similarly, 
the molecular sizes of the plasmids pPS-1, pPS-2 and pPS-3 of phorate degrader strains 
were 23.2, 22.7 and 22.9 Kb, respectively. The plasmids pNJ-101, pNJ-115 and pNJ-
125 from carbofuran degraders were of relatively large sizes and were determined to be 
41.4, 38.0 and 41.0, Kb respectively. The plasmids have been successfully cured using 
jimpicillin resistance (Amp )^ as a selectable marker upon treatment with varying doses 
of acridine orange as a curing agent. Effective concentrations of acridine orange for 
plasmid curing for each strain were established by determining the minimum inhibitory 
concentration (MIC) as shown in Table 18. A concentration dependant disappearance 
of Amp' marker from the degrader strains with in the effective dose range of acridine 
orange is shown in Panel A (Figs. 35 to 37). The panel B in Figs. 35 to 37 represents the 
replica-plating of acridine orange treated degrader strains for selective identification of 
cured derivatives. Colonies of the individual strain exhibiting growth on plain nutrient 
agar and no growth on ampicillin (100 ligml'') supplemented agar plates were identified 
for further analysis. Transformation of Amp' wild-type degrader strains to Amp^ 
(Ampicillin-sensitive) derivatives upon incubation with sub-lethal doses of acridine 
orange has been considered as an index of curing. Loss of other selectable markers such 
as loss of fluorescent pigmentation, has also been noticed as coupled with the 
disappearance of the plasmids from acridine orange treated cells. The results shown in 
Table 19 indicate the loss of fluorescent pigments invariaibly in all Pseudomonas strains 
tested except the strain PS-1 {Rhizobium sp.), PS-3 {Proteus sp.) and NJ-125 
(Pseudoxanthomonas mirabilis). Furthermore, the perceptible changes in the colony 
morphology of the cured strains vis-a-vis the wild-type counterparts have been noticed. 
Table 18: Minimum inhibitory concentration (MIC) and 
optimized sub-iethal doses of acridine orange for 
effective plasmid curing. 
Bacterial 
strains 
NJ-10 
NJ-15 
PS-1 
PS-2 
PS-3 
NJ-101 
NJ-115 
NJ-125 
MIC 
600 
6000 
200 
600 
500 
4000 
700 
400 
Effective dose for 
30 - 80% curing 
(;igmr^) 
400 
5000 
175 
400 
450 
3500 
600 
350 
Percent curing 
67 
38 
63 
61 
48 
42 
46 
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Fig. 35: Curing of plasmids from ampicillin-resistant 2,4-D degrader 
strains by acridine orange. 
Panel-A represents the extent of plasmid curing as a fiinction 
of acridine orange concentration. 
Panel-B depicts the replica-plating of cells from the randomly 
picked colonies of strains NJ-10 and NJ-15 on nutrient agar 
plates. 
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Fig. 36: Curing of plasmids from ampicillin-resistant phorate degrader strains 
by acridine orange. 
Panel-A represents the extent of plasmid curing as a function of 
acridine orange concentration. 
Panel-B depicts the replica-plating of cells from the randomly picked 
colonies of strains PS-1, PS-2 and PS-3 on nutrient agar plates. 
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Fig. 37: Curing of plasmids from ampicillm-resistant carbofuran degrader 
strains by acridine orange. 
Panel-A represents the extent of plasmid curing as a fiinction of 
acridine orange concentration. 
Panel-B depicts the replica-plating of cells from the randomly 
picked colonies of strains NJ-101, NJ-115 and NJ-125 on nutrient 
agar plates. 
Table 19: Disappearance of specific traits of degrader strains upon plasmid curing with acridine orange. 
Agrichemical degrading bacterial strains for: 
Characteristics 2,4-D Phorate Carbofuran 
NJ-10 NJ-15 PS-1 PS-2 PS-3 NJ-101 NJ-115 NJ-125 
Pigmentation" + + ND + ND + + ND 
Ampicillin resistance + + + + + + + + 
(+): indicate loss of traits as an index of plasmid curing 
" Diffusible fluorescent pigment in strain NJ-15 and NJ-101 and non-diffusible fluorescent pigment in strain NJ-10, 
PS-2 and NJ-115 
''Resistance to ampicillin (100 {igmV') 
ND: Not detected as the corresponding strains inherently lack the desired traits. 
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4. Discussion 
In this study, the soil microbial diversity in the test region has been examined and the 
efficient indigenous bacteria with inherent agrichemical degrading potential have 
been isolated and characterized. The comprehensive soil profiling revealed that the 
soil in the test region is mainly sandy-loam. Such a soil texture has been reported to 
be conducive for efficient in situ biodegradation of xenobiotics (Stotzky, 1965). It 
has been suggested that the lower degradation rates of certain agrichemicals may be 
due to their adsorption to the soil particles, especially soil organic matter (Stotzky, 
1965; Hattori, 1976). Also, the soil porosity mediating the movement of 
microorganisms to the site of contamination has been regarded as an important factor 
influencing the mineralization of pollutants in soil. 
The physico-chemical data revealed the alkaline nature of soil in the test region. 
Moreover, the significant effects of seasonal variations on the soil temperature, pH, 
moisture content, and water holding capacity have been noticed. These abiotic 
factors influence the efficacy of degradation of organic pollutants in soil. The data 
revealed substantial microbial load, even under extreme climatic conditions, which 
suggests the adaptability and persistence of soil bacteria in different environmental 
niches. Nevertheless, the environmental conditions in the test region have been found 
to be optimal for supporting the microbial growth and mineralization of xenobiotics. 
Thus, using the enrichment culture technique, eight bacterial isolates from 
agrichemical-contaminated soil have been isolated and characterized. The 
morphological studies supported by the scanning and transmission electron 
microscopy demonstrated the rod shaped bacteria of variable sizes with a polar 
and/or clusters of flagella on cell surface. The strains NJ-10, NJ-15, NJ-101, NJ-115, 
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NJ-125 and PS-2 were found to be the members of group Proteobacteria, fluorescent 
sub-group gamma. However, the strains PS-1 and PS-3 were the members of the 
families Rhizobiaceae and Enterobacteriaceae, respectively. Analysis of sequence 
alignment of 16SrDNA partial amplicons with the database sequences suggested 95 
to 99 % similarity. Indeed, the 16SrDNA sequence homology and alignment analysis 
provides a high resolving power for measuring the degree of relatedness between 
organisms above the species level (Rossella-Mora and Amaim, 2001). A sequence 
difference by more than 3 % among the organisms suggests for a new species, 
whereas a difference of 5 to 7 % (93 to 95 % identity) suggests for a new genus 
(Madigan et al, 2003). 
Interestingly, all the eight selected soil strains exhibited the capability of utilizing 
agrichemicals as sole carbon and/or nitrogen or energy source. The growth patterns 
of the strains in minimal medium containing the test agrichemicals, viz. 2,4-D, 
phorate and carbofiiran reflect the agrichemical degrading potential of the strains. 
Substantial growth of the strains NJ-10, NJ-15 and PS-1, PS-2 and PS-3 in mineral 
salt medium containing 2,4-D and phorate clearly suggest the ability of the strains to 
mineralize these compounds as a carbon and energy source. Moreover, the 
carbofiiran degrading bacterial strains NJ-101, NJ-115 and NJ-125 exhibiting growth 
in the mineral salt medium and nitrogen-free mineral salt medium supplemented with 
200 iJ-gml"' carbofuran suggest the utilization of carbofuran as both the carbon and 
nitrogen source. BoUag (1982) reported that the soil microorganisms utilize the 
pesticides as well as their degraded products for growth and metabolism. The role of 
microorganisms in effective mineralization of the herbicide (2,4-D) and insecticides 
(phorate and carbofuran) is reported (Ogram et al, 2000; Karpouzas et al, 2000; 
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Musarrat et ai, 2000; Vedler et al, 2000; Bano and Musarrat, 2003b; Bano and 
Musarrat, 2004). In this study, the degradation isotherms suggest a time-dependent 
disappearance of agrichemicals following the first-order rate kinetics. This 
observation corroborates with the earlier studies demonstrating the first-order 
kinetics of organic pesticide degradation (Pothuluri et al, 1990; Szeto et al, 1990; 
Baskaran et al, 1996). Comparative analysis of degradation data revealed the 
differential rate of agrichemical dissipation in soil with rapid disappearance of 2,4-D 
followed by carbofiiran and phorate elimination as evident from the half-lives (ti/2) 
of 10, 20 and 20 days, respectively. This data is in accordance with the earlier 
reported Xm values for the said agrichemicals (Sahu and Agnihotri, 1983; Das et al, 
1995). These efficient agrichemical degraders could be effectively utilized for soil 
clean-up. Indeed, the use of such degrader strains for bioremediation of soils 
contaminated with agrichemicals is a focus of considerable attention because of their 
potential for restoring or reclaiming sites in a cost-effective maimer. Evaluation of 
their efficacy in field studies is warranted before recommending them as a bio-
resource for bioremediation of pesticides contaminated soil. 
All the eight-degrader strains exhibited multiple antibiotic resistance. The multiple 
drug resistance pattern and sensitivity behavior of soil bacteria supports the earlier 
observations (Nath et al, 1993; Ahmad et al, 2001). Mostly, the genetic 
determinants of antibiotic resistance are located extra-chromosomally on plasmids 
(Lacy, 1975). However, it is interesting to note that the strains NJ-15 and NJ-101 
exhibited resistance to rifampicin, while strains NJ-10, NJ-15, PS-2, PS-3, NJ-101, 
NJ-115 exhibited resistance to nalidixic acid. Resistance to these drugs is not 
mediated by plasmids and it could be due to mutations (Courvalin, 1990). 
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Specifically, the resistance to rifampicin is known to be mediated by mutation in p-
subunit of RNA polymerase (Sippel and Hartman, 1968) and is unusual among the 
soil bacteria (Nautiyal, 1997a). Furthermore, the chromosomal nature of the mutation 
affords greater stability vis-a-vis the plasmid-bome markers, and is also non-
transferable (Campeau et al., 1988). The acquisition of resistance traits against 
environmental conditions including toxic substances, help in survival of 
microorganisms in intimidating ecological niches. Several studies have reported that 
the traits like antibiotics and metal resistance exhibit close affinity and are plasmid 
encoded (Smith, 1967; Oslen et al., 1979). Thus, the selective pressure from 
antibiotics and heavy metal salts naturally present in soil may favor the persistence 
of antibiotic resistance bacteria in soil (Dowling and Davies, 1975). In this study, the 
presence of plasmid molecules has been demonstrated by the agarose gel 
electrophoresis. Loss of plasmids upon treatment with acridine orange accompanied 
with disappearance of the selected traits such as ampicillin resistance and 
fluorescence pigmentation, suggested that these characteristics are plasmid borne. 
The data also revealed the variable curing rates for plasmids of different sizes at 
different doses of curing agent. This reflects the differential susceptibility of strains 
towards the curing agent owing to the differences in surface structure of the bacterial 
cells and nature of plasmids. Selective elimination of plasmids from host cells has 
been reported by treatment with certain mutagenic agents (Johnston and Richmond, 
1970; Sonstein and Boldwin, 1972). 
CHAPTER'IV 
Auxiliary Biological Activities of 
Agrichemical Degrader Strains 
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1. Introduction 
Soil bacteria promoting the plant growth and productivity are known for several 
decades (Brown, 1974). Indeed, certain rhizobacteria are endowed with the ability of 
providing growth factors and simultaneous biological diseases control (Kloepper et 
al., 1980). Rhizobacteria are a sub-set of total rhizospheric bacteria, which have the 
capacity to colonize the developing root system in presence of competing microflora 
(Kloepper et al, 1993). Prominent among these are the species of genus Rhizobium 
(Dejordjevic et al., 1987). Other non-symbiotic bacteria associated with plants have 
also been reported early in this century (Beijerinck, 1925). These non-symbionts 
capable of stimulating plant growth are commonly referred as plant growth 
promoting rhizobacteria (PGPR) (Kloepper and Schroth, 1978). They are the free-
living soil bacteria found on or near roots of plants with the ability able to 
aggressively colonize the plant roots, and stimulate plant growth when applied to 
roots, tubers or seeds (Weller, 1988; Hoflich, 2000; Ma et al, 2001; Lee et al, 2003; 
Guo et al, 2003; Ramette et al, 2003). The PGPR's have been reported to be the key 
elements for plant establishment under nutrient imbalance conditions. They improve 
the plant growth, plant nutrition, root growth, plant competitiveness and responses to 
external stress factors. Most of the microorganisms, which exhibit PGPR activity, 
belong to Gram-negative bacteria including the members of Azospirillum, 
Pseudomonas and Enterobacter group. Amongst them the fluorescent 
Pseudomonads have emerged as most potential plant growth promoting rhizobacteria 
(Bloemberg and Lugtenberg, 2001; Lee et al, 2003; Guo et al, 2003; Ramette et al, 
2003; Bano and Musarrat, 2003a,b, Bano and Musarrat, 2004). The fluorescent 
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Pseudomonads have also revolutionized the field of biocontrol, besides representing 
an important group of PGPR, which significantly increases plant growth under 
gontobiotic conditions as well as in fields (Kloepper and Schroth, 1981; Guo et al, 
2001; Ramette et al, 2003). Nevertheless, certain Gram-positive bacteria such as 
Arthrobacter (Kloepper et al, 1990) and Bacillus (Gupta et al, 1998; 
Egamberdiyeva and Hoflich, 2003; Ghosh et al, 2003) have also been reported to 
enhance plant growth. 
The plant growth promoting rhizobacteria utilize a variety of direct and indirect 
mechanisms for stimulating plant growth (Owen and Zdor, 2001; Ma et al, 2001; 
Duffy and Defago, 1999; Hilali, 2000). The direct process includes (i) phytohormone 
synthesis viz. auxin, cytokinin or gibberellin (Xie et al, 1996; Hoflich, 2000), (ii) 
enzymatic lowering of plant ethylene (Penrose and Glick, 2001; Ghose et al, 2003), 
(iii) through organic and inorganic phosphate solubilization (Kloepper et al, 1993; 
Altomare et al, 1999), (iv) non-symbiotic nitrogen fixation, and (v) stimulation of 
disease-resistance mechanisms. However, the indirect effects involve (i) production 
of secondary metabolites, such as antibiotics (Asaka and Shoda, 1996; Lee et al, 
2003; Ramette, et al, 2003), and (ii) iron sequesterization by siderophores (De-
Meyer and Hofte, 1997; Bloemberg and Lugtenberg, 2001; Auddenaert et al, 2002). 
Thus, a considerable attention has been paid towards the plant growth promoting 
rhizobacteria as the best alternative for chemical fertilizers and pesticides for eco-
friendly biological control of soil and seed borne pathogens. 
The bacteria-plant association essential for plant growth promotion and disease 
protection depends on several other factors including rhizospheric competence, and 
extent of root colonization and persistence of bacteria on the seeds and plant roots 
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(Nautiyal, 1997b). In addition, the abiotic and biotic factors associated with the 
rhizosphere (Curl and Truelove, 1986; Chanway et al, 1991) also influence the plant 
growth after microbial inoculation. For instance, the soil texture and structure in 
relation to nutrient and moisture content, aeration and pH are obvious abiotic factors 
that affect both the plant and microbial grow^ in soil and ultimately, the response of 
seedlings to PGPR inoculants. The biotic interactions between the inoculant bacteria, 
and indigenous soil microorganisms are also causal for slow commercial 
development of bioinoculants. The poor establishment and maintenance of bacterial 
inoculants in diverse ecological niches may result in inconsistency in the 
performance of commercial bioinoculants. Thus, the role of indigenous rhizospheric 
microflora for developing region-specific PGPR and biocontrol agents is envisaged. 
In the present study, the agrichemical degrading strains described in chapter-Ill have 
been further examined for collateral plant growth promoting and also biological 
control activities. Production of secondary metabolites, viz. indole acetic acid, 
phosphate solubilization, siderophore and anti-fiingal activities by some of these 
strains demonstrated the concurrent PGPR and biocontrol potential of the degraders 
strains. Specifically, two degrader strains NJ-15 and NJ-101 identified as fluorescent 
Pseudomonas aeruginosa have selected for in-depth investigation for (i) rhizosphere 
competence, (ii) root colonization, (iii) effect on the growth of Cajanus cajan L. Mill 
sp. (pigeonpea). The study clearly demonstrated, the collateral ability of the 
agrichemical degrader strains to compete for the ecological niche in the rhizosphere 
of pigeonpea in fungal disease-conducive soil. 
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2. Methods 
2.1 Determination of Phosphate Solubilizing Activity 
The agrichemical degrader strains were screened for their phosphate solubilizing 
ability on Pikovskaya's (PVK) medium (Pikovskaya, 1948). The degrader strains 
were spot inoculated on Pikovskaya's medium containing tricalcium phosphate 
[Ca3(P04)2] and incubated at 30°C for 7 days. The development of a clear zone at the 
inoculation site on the culture plates was measured as an index of phosphate 
solubilization. The phosphate solubilizing activity of the strains was also 
quantitatively determined by measuring the soluble phosphate released in culture 
medium following the method of King (1932). In brief, 100 ml of Pikovskaya's 
liquid medium was separately inoculated with 1.0 ml culture of strains at a cell 
ft I n 
density of I x 10 c.fu.ml" at 30 C. The uninoculated medium has served as a 
control. At different time intervals during growth, 10 ml of culture was removed 
from each tube and centrifuged at 10,000 rpm for 30 min. The aliquots of 0.1, 0.2, 
0.4 ml of supernatant were transferred to sugar tubes. To this, 1ml of 
chloromolybidic acid and 150fil chlorostannous acid were added, and the volume 
adjusted to 5 ml with distilled water. The blue color developed was read at 600 nm 
and the amount of phosphate released was determined using the calibration curve of 
KH2PO4, as described in the materials and methods section (Chapter-II) 
2.2 Estimation of Indole Acetic Acid (lAA) 
The production of lAA was determined according to the method of Gorden and 
Weber (1950). In brief, the degrader strains were inoculated in mineral salt medium 
supplemented with 0.5% glucose and 500 jigml"' tryptophan and incubated at 30°C. 
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A portion of culture (5 ml) was removed from each tube and centrifuged at 10,000 
rpm for 15 min. An aliquot of 2 ml supernatant was transferred to a fresh tube to 
which 100 (il of 10 mM orthophosphoric acid and 4 ml of reagent (1 ml of 0.5 M 
FeCla in 50 ml of 35 % HCIO4) were added. The mixture was incubated at room 
temperature for 25 min and the absorbance of pink color developed was read at 530 
nm. The lAA concentration in culture was determined using a calibration curve of 
pure lAA, as a standard, following the linear regression analysis using instant 
software, Graphpad, USA. The procedure of developing the calibration curve is 
described in materials and methods section. 
2.3 Detection of Siderophores 
The siderophore production by degrader strains was determined by the FeCls test 
(Neiland, 1981) and chrome azurol S (CAS) assay (Schwayn and Neiland, 1987). All 
the glassware's were cleaned with 6 N HCl. The medium was deferrated by 
extracting with 3 % 8-hydroxyquinoline in chlorofonn, which forms ferrous or ferric 
hydroxyquinates upon shaking. The medium was washed repeatedly with 
chloroform, to ensure complete removal of iron complexes and any 8-
hydroxyquinoline (Messenger and Ratledge, 1985). The medium was then 
autoclaved to remove any residual chloroform. Cultures of the strains were raised in 
modified M9 minimal medium (Sambrook et al, 1989) to a density of 10^  c.f u.ml"'. 
Upon attaining the stationary phase, the cells were removed by centrifugation and the 
filtrate was tested for siderophore production on CAS agar plates and liquid medium. 
In CAS liquid assay, the 0.5 ml aliquot of supernatant was mixed with 0.5 ml of CAS 
assay solution. A reference was prepared using uninoculated medium. The color of 
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CAS assay solution changed from blue to yellow, when siderophore in culture 
supernatant chelate iron from CAS. At reaction equilibrium, the absorbance was 
measured at 630 nm. 
2.4 Assessment of Anti-Fungal Activity in vitro 
Different strains of ftmgal pathogens viz. Alternaria alternata, Fusarium oxysporum 
sp., Fusarium oxysporum f sp. lentil, Fusarium udum, Fusarium oxysporum f sp. 
ciceri, Fusarium solani and Trichoderma harzianum, were used in this study. These 
fimgi were the kind gift from the laboratory of Prof Akhtar Haseeb, Department of 
Plant Protection, Faculty of Agricultural Sciences, A.M.U, Aligarh. Fungi were 
grown on King's B agar at 25°C and maintained on the same medium. The 
agrichemical degrading bacterial strains were tested for their ability to inhibit 
different phytopathpgenic fiingi. The antagonistic assay was performed as described 
by Geel and Schippers (1983). Briefly, the ftmgal strains were grown on Saboured 
dextrose broth for four days. The broth cultures of the selected fiingi (10^ c.fu.ml'') 
were plated on the surface of King's B agar medium. After the ftmgus culture was 
adsorbed on the agar, a small well (4mm x 2mm) cut in these agar plates. The 
bacterial strains were grown overnight at 30°C and the test cultures (0.1 ml) were 
separately added to the wells. The plates were incubated at 30° C for 4 days and 
examined for the zone of inhibition. 
2.5 Scanning Electron Microscopy of Bacteria-Fungus Interactions 
Interactions between the Fusarium oxysporum f sp. udum and the degrader strains 
NJ-15 and NJ-101 were assessed using scarming electron microscopy (SEM) 
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following the standard procedure. Briefly, an agar disc of fungus was inoculated in 
nutrient broth. After 3 days of fungal growth, the cultures of bacterial strains at cell 
o 1 
density of 10 c.f.u.mr were separately added to the flasks and allowed to grow at 
28°C on a rotary shaker at 120 rpm. The control culture was maintained under 
identical conditions without NJ-15 and NJ-101 strains. Samples were removed at 
different time periods of 6, 24 and 72 h, and pelleted by centrifligation at 3000 rpm 
at 4''C. The pellets were washed several times in phosphate buffer (0.1 M, pH 7.4) 
and fixed in 2.5 % glutaraldehyde for 4 h. The samples were again centriftiged and 
washed with the same buffer to remove the fixative and finally resuspended in 
double distilled water. One drop of the suspension was spread on the cover slip. The 
smear was air dried for 18 h and the samples were gold coated. The samples were 
then examined under scaiming electron microscope (Leo 435VP) at the Electron 
Microscopy Facility, All India Institute of Medical Sciences, N. Delhi, India. 
2.6 Selection of Rifampicin-Resistant Strains 
Rifampicin resistant (Rif) derivatives of wild-type degrader strains NJ-15 and NJ-
101 were isolated on nutrient agar plates containing 100 [agmf^  rifampicin. For dose 
optimization, the Rif bacterial cells were serially diluted and plated again on nutrient 
agar plates containing 0, 25, 50, 75 and 100 i^g ml'' rifampicin and growth recorded. 
No significant difference in the viable counts was observed up to 100 lagmf' 
rifampicin. 
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2.7 UV Sensitivity of Strains NJ-15 and NJ-101 
Cells from freshly grown exponential cultures of E.coli K-12 strains, viz. AB1157 
and AB1886 (uvrA') were used as positive and negative controls for comparing UV 
sensitivity with the test strains NJ-15 and NJ-101. The bacterial cultures were 
streaked on nutrient agar plates and exposed to UV radiations (310 nm) for 30, 60, 
90 and 120 seconds. Photo-reactivation was avoided by covering the plates with 
black paper. The plates were incubated overnight at 30°C and the relative change in 
the growth pattern of treated cultures was recorded. 
2.8 Seed Bacterization and Rhizospheric Competence of Inoculants 
Bacterial inoculum for coating the Cajanus cajan L. Mill sp. (pigeonpea) seeds were 
prepared by scraping 24 h grown cultures of strains NJ-15 and NJ-101 from nutrient 
agar plates. Pigeonpea seeds were surface sterilized by gentle washing with 70 % 
ethanol for 5 min followed by three rinses in sterile normal saline. Seed were then 
soaked in bacterial suspensions separately and in combination for 4 h at 30°C in a 
shaker incubator at 120 rpm. Control uninoculated seeds were soaked in 0.85 % 
saline. Inoculum density on seeds was determined by agitating four seeds from each 
treatment and plated after serial dilution on nutrient agar plates containing rifampicin 
(50 i^gml"') + ampicillin (500 ^igml''). Mean bacterial density per seed was 
determined after 48 h incubation at 30° C. The soil microflora including total viable 
bacterial count, fiingi and actinomycetes were also determined in rhizosphere using 
the standard methods. 
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2.9 Root Colonization Assay 
To assess the extent of root colonization of inoculated bacterial strains NJ-15 and 
NJ-101 the control and treated pigeonpea plants grown in the greenhouse were 
uprooted carefully at specified time inter/als of 30 and 60 days from the pots. The 
root segments about 5 mm below the seed remnants were excised. This was done to 
ensure that only the bacteria that have colonized the roots and not on the seed coat 
were assayed. Roots were washed thoroughly to remove all the sand particles and 
then macerated in normal saline solution with the mortar and pestle. Root 
homogenate was serially diluted and plated on nutrient agar plates both in the 
presence and absence of 50 i^gml"' rifampicin + 500 ixgml"' ampicillin and incubated 
for 48 h at 30°C. Colonies appeared on antibiotic supplemented plates were counted. 
2.10 Effect of Fusarium oxysporunt f. sp. udum on Pigeonpea 
The fungus Fusarium oxysporum f. sp. udum was mass propagated on sorghum 
seeds. Briefly, the sorghum seeds soaked in 5 % sucrose solutions for 48 h and 
autoclaved for 2 h were mixed with the fungus and incubated at 28°C for 15 days. 
Fungus coated seeds were added to the soil separately at the rate of 1, 10, and 20 g 
per pot and mixed thoroughly. Subsequently, ten seeds of pigeonpea were sown in 
each pot with three replicates per treatment, viz. Seed alone; Seed + Fusarium 
oxysporum f. sp. udum (1 g); Seed + Fusarium oxysporum f. sp. udum (10 g); Seed + 
Fusarium oxysporum f. sp. udum (20 g). Soil moisture was maintained at 20 % level. 
After 7 days of germination, the seedlings were thinned out to 3 plants per pot. For 
growth analysis, the plants were harvested after 30 and 60 days. Root length, shoot 
length, fresh and dry weights of the roots and shoots were recorded. 
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2.11 Growth Promoting and Biocontrol Effect of Degrader Strains NJ-15 and 
NJ-101 on Pigeonpea. 
Fungus coated seeds (20 g) were added to soil in the pots and mixed thoroughly. 
Subsequently, ten bacterized seeds of pigeonpea were sowed in control and fungus 
infested soil (disease-conducive soil) in each pot with three replicates per treatment, 
viz. Seed + Fusarium oxysporum f sp. udum (20g); Seed + Fusarium oxysporum f 
sp. udum (20g) + strain NJ-15; Seed + Fusarium oxysporum f. sp. udum (20g) + 
strain NJ-101. Soil moisture was maintained at 20 % level. Seedlings were thinned 
out to 3 plants per pot after 7 days of germination. For growth analysis, the plants 
were harvested at regular time intervals. Roots were washed properly and excess 
moisture removed by air-drying. Root length, shoot length and fresh weights of the 
roots and shoots were recorded. The plants were then dried at 60°C for 4 days and 
dry weight of each plant was recorded separately. The disease incidence was 
determined based on the relationship: 100 x (number of wilted plants per pot'total 
number of plant per pot). Moreover, the biocontrol efficacy was estimated using the 
relationship: Disease incidence of control - Disease incidence of treatment group/ 
Disease incidence of control x 100. 
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3. Results 
3.1 Phosphate Solubilization 
Formation of clear zone on Pikovskaya's agar after 7 days of incubation at 30°C has 
been noticed, as an index of phosphate solubilization with the cultures of the strains 
NJ-10, NJ-15, PS-1, PS-2, PS-3, NJ-115 and NJ-101 (Fig. 38). The zone sizes varied 
in the range from 10.1 to 15.6 mm. The efficiency and extent of phosphate 
solubilization has been found to be in the order as NJ-15> PS-1> NJ-101>PS-3> NJ-
10>PS-2>NJ-115 (Table 20). These results have been fiirther validated by direct 
measurement of phosphate solubilization in broth assay. The strains exhibited 
differential ability of solubilizing inorganic phosphate. The quantitative analysis 
revealed time depended increase in the release of soluble phosphate from inorganic 
tri-calcium phosphate. About 92 and 44.5 ngmf' soluble phosphates have been 
released in the medium by strains NJ-15 and NJ-10, respectively after 8 days of 
incubation at 30°C (Fig. 39). Further incubation does not resulted in enhancement of 
the amount of soluble phosphate released and a plateau was attained. However, the 
strains PS-1, PS-2 and PS-3, solubilized tricalcium phosphate linearly up to 12 days. 
Fig. 40 shows the amounts of soluble phosphate released as 105, 92 and 98 lagmf' 
with the strains PS-1, PS-2 and PS-3, respectively. The strains NJ-101 and NJ-115 
produced about 76.4 and 44.2 ligmf' of soluble phosphate after 8 days of incubation 
(Fig. 41). Invariably, the increase in growth of strains in Pikovskaya's medium 
occurs with the concomitant change in pH of the medium. Figs. 39 to 41 clearly 
demonstrated the reduction in the pH values from pH 7.4 to pH 3.8 without 
exhibiting any clear-cut strain specific variation. 
Fig. 38: Qualitative assessment of phosphate solubilization 
by agrochemical degrading bacterial strains on 
Pikcvskaya's agar olates after 7 days of incubation 
at 30 "C. 
Table 20: Phosphate solubilization by agrichemical degrading 
bacterial strains after 7 days of incubation at 30°C on 
Pikovskaya's agar medium. 
Bacterial strains 
Pseudomonas putida (NJ-10) 
Pseudomonas aeruginosa (NJ-15) 
Rhizobium sp. (PS-1) 
Pseudomonas putida (PS-2) 
Proteus sp. (PS-3) 
Pseudomonas aeruginosa (NJ-101) 
Pseudomonas putida (NJ-115) 
Zone size 
(Diameter in mm) 
1.1 ±0.21 
1.5 + 0.03 
1.4 + 0.23 
1.110.03 
1.2 + 0.05 
1.3 ±0.04 
1.0±0.10 
Values represent the average of three replicates ±S.D 
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Fig. 39: Quantitative assessment of phosphate solubilizing activity of 
2,4-D degrading bacterial strains. The amount of soluble 
phosphate released was determined from the absorbance data 
using the calibration curve with KH2PO4 at 600 nm (Fig. 14). 
The data obtained forNJ-10 (•) and NJ-15 (•) are plotted as a 
function of time. The axis-y2 represents change in the pH of the 
Pikovskaya's medium during growth of strains at different time 
points. 
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Fig. 40: Quantitative assessment of phosphate solubilizing activity of 
phorate degrading bacterial strains. The amount of soluble 
phosphate released was determined from the absorbance data 
using the calibration curve with KH2PO4 at 600 nm (Fig. 14). 
The data obtained for PS-1 (•), PS-2 (•) and PS-3 (A) are 
plotted as a function of time. The axis-y2 represents change in 
the pH of the Pikovskaya's medium during growth of strains at 
different time points. 
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Fig. 41. Quantitative assessment of phosphate solubilizing activity of 
carbofliran degrading bacterial strains. The amount of soluble 
phosphate released was determined from the absorbance data 
using the calibration curve with KH2PO4 at 600 nm (Fig. 14). 
The data obtained for NJ-101 (•) and NJ-115 (A) are plotted 
as a function of time. The axis-y2 represents change in the pH 
variation of the Pikovskaya's medium during ^owth of strains 
at different time points. 
3.2 Indole Acetic Acid Production 
The agrichemical degrading strains grown in mineral salt medium supplemented 
with 0.5 % glucose and 500 ngmf'of tryptophan exhibited substantial production of 
lAA. Figs. 42 to 44 clearly indicates the linear increase in lAA production in the late 
exponential or stationary phase of growth. The strain PS-1 produced maximum 
amount of lAA (79.2 |Ligmr') followed by NJ-10 (40 ^igmF'), NJ-15 (19 ngml''), NJ-
115 (14.3 ^igml''), PS-2 (14.2 iigmV^), NJ-101 (11.3 ^gml"') and PS-3 (3.5 i^gml'^ ) at 
different time points. 
3.3 Siderophore Production 
Fig. 45 shows the production of siderophore on CAS agar plates. Appearance of 
yellow to reddish-brown color zone surrounding the inoculum clearly reflects the 
siderophore production after 48 h of incubation at 30°C. Variability in zone size 
ranging from of 10.1 to 17.6 mm was noticed. The observations of plate assay have 
been further validated by FeC13 test and CAS liquid assay based on 
spectrophotometric measurement of absorbance at 630 nm (Table 21). The strains 
exhibiting siderophore synthesis in the order as NJ-10> PS-3>PS-2>NJ-15 have been 
identified as effective siderophore producers. All other strains exhibiting the O.D. 
value less than 0.2 at 630 nm in CAS liquid assay were regarded as week 
siderophore producers. 
3.4 Anti-fungal Activity Profile of Degrader Strains 
The fungal growth inhibition assay demonstrated that four out of eight degrader 
strains exhibited anti-fungal activity on King's B medium (Table 22). Certain 
common phytopathogenic fungal strains isolated from the vegetable and legume 
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Fig. 42: Production of indole acetic acid by 2,4-D degrading strains. The 
curves represent the amount of lAA produced by the strains NJ-10 
(^ and NJ-15 (4 in mineral salt medium supplemented with 
glucose 5 mgl'^  and tryptophan 500 figmF^ 
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Time of incubation (d) 
Fig. 43: Production of indole acetic acid by phorate degrading strains. The 
curves represent the amount of lAA produced by the strains PS-1 
(•), PS-2 (•) and PS-3 (A) in mineral salt medium supplemented 
with glucose 5 mgl' and tryptophan 500 ngml'^ The inset shows 
the growth kinetics of the strains monitored simultaneously under 
identical growth conditions. 
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Fig. 44: Production of indole acetic acid by carbofiiran degrading strains. 
The curves represent the amount of lAA produced by the strains 
NJ-101 (• ) and NJ-115 (A ) in mineral salt medium 
supplemented with glucose 5 mgl'^  and tryptophan 500 ngmr\ 
The inset shows the growth kinetics of the strains monitored 
simultaneously under identical growth conditions. 
Fig. 45: Siderophore production profile of agrochemical degrading bacterial strains on 
chrome a^urole S (CAS) agar plates. Control: uncharacterized siderophore 
negative bacterial isolate from our stock culture. 
Table 21: Siderophore production by agrichemical degrading bacterial strains. 
Bacterial strains FeCla CAS agar CAS assay 
test plates (O.D at 630 nm) 
Pseudomonas putida (NJ-10) 
Pseudomonas aeruginosa (NJ-15) 
Pseudomonas putida (PS-2) 
Proteus sp. (PS-3) 
Pseudomonas aeruginosa (NJ-101) 
Pseudomonas putida (NJ-115) 
Pseudoxanthomonas mirabilis (NJ-125) 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
0.312 ±0.08 
0.202 ± 0.09 
0.247 + 0.10 
0.304 ± 0.06 
0.156 ±0.05 
0.178 ±0.01 
0.098 ±0.02 
Values represent the average of three replicates ±S.D 
(+): indicates positive test for siderophores 
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crops commonly grown in the test region have been employed in this study. The 
strain NJ-15 exhibited significant growth inhibitory activity against a range of 
phytopathogenic fungi, viz. Fusarium oxysporum f. sp. lentil, Fusarium oxysporum 
f.sp. udum, Fusarium oxysporum f sp. ciceri, Fusarium solani, Trichoderma 
harzianum, Alternaria alternata, and Macrophomina phasiolina (Fig. 46). A 
discemable difference in the size of the zone of inhibition produced with the control 
and strain NJ-15 was noticed. The strain NJ-101 has also explicitly demonstrated the 
antagonistic activity. Fig. 47 shows the growth suppressing activity of strain NJ-101 
against a range of phytopathogenic Fusarium species on King's B plates. The 
formation of variable size (1.2 to 1.8 mm) zones of inhibition suggested differential 
sensitivity of the fungi in the order as Fusarium oxysporum f. sp. lentil>Fusarium f. 
sp. udum>Fusarium oxysporum f sp. ciceri>Fusarium solani. Moreover, a 
significant antagonistic effect of strains PS-3 and NJ~10 against a phytopathogenic 
fungi Fusarium oxysporum sp. has been noticed (Fig. 48). 
The scanning electron micrographs showed the time-dependent changes in the fungal 
morphology upon interaction with bacterial strains NJ~15 and NJ-101. The details of 
bacteria-fungal interactions are depicted in Figs. 49 and 50. The resuhs indicate that 
only few bacterial cells attach to the fungal hyphae after 6 h of incubation and the 
distortion of the mycelium initiated. After 24 h of incubation, the bacterial 
population increased substantially and attachment to hyphae cell wall resulted in wall 
damage, lysis and fragmentation. Extensive damage occurred after 72 h, and the 
hyphae appear almost empty, presumably due to loss of cytoplasm material. 
/ 
m 
Macropuomina phasiolina 
Fusarium oxysporum 
f. |p lentil 
Fusarium oxysporum 
f, sp. udum 
Fusarium oxysporum 
f. sp cicerl 
Fig. 46: Antagonistic activity of Pseudomoncs aeruginosa strain NJ-15 
against the phytopathogenic fungi on King's B apr plates. 
1 
Fusarium oxysporum f. sp ciceri 
Fusarium f. sp. udum Fusarium oxysporum f. sp lentil 
Fig. 47: Antagonistic activity of the Pseudomonas strain NJ-101 against different 
Fusarium species on King's B agar plates. 
Fig. 48: Antagonistic activity of the Pseudomonas putida strain NJ-10 and 
Proteus sp. strain PS-3 against phytopatliogenic fungus Fusarium 
oxysporum sp. on King's E agar plate. 
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Fig. 49: Scanning electron micrographs indicating the interactions between the 
agrichemical degrading strain NJ-15 and Fusarium oxysporum f. sp. udum. 
The inset shows the damaged wall of fungal hyphae after 24 h treatment with 
strain NJ-15. 
EHT=15.0B kU 
Hia I—I 
= 13 ran 
Photo No.=lS 
Mag= 3.76 K X 
Detector^ SEl 
g. 50: Scanning electron miciographs indicating the interactions between the 
agrichemical degrading strain NJ-101 and Fusarium oxysporum f. sp. udum. 
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3.5 Assessment of Rhizospheric Competence and Root Colonization 
Root colonizing capability of the strains NJ-15 and NJ-101 was assessed in pot 
culture. Table 23 shows the population density of the strains on pigeonpea seeds and 
roots. The initial bacterial counts on seed surface were determined to be 2.2 ± 0.25 x 
10^  and 3.2 ± 0.25 x 10^  c.f.u. per seed for NJ-15 and NJ-101, respectively. The 
adsorbed bacterial cells remained viable, and exhibited an increase in number on 
plant roots after 30 and 60 days of germination in pot culture experiments. About 44 
and 46.8-fold increase in the population density of the bioinoculants NJ-15 and NJ-
101, respectively on root surface after 60 days of post-planting was noticed, as an 
index of root colonizing ability of the strains. The strains also demonstrated 
competence with the indigenous microflora in soil. The data shown in Table 24 
clearly indicate the stability of inoculant strains among the rhizospheric microflora. 
In rhizospheric soil, the inoculated bacteria were identified and assessed based on 
their innate rifampicin resistant trait as a biomarker. Interestingly, both the strains 
NJ-15 and NJ-10 exhibited resistance up to 100 jigml' rifampicin. However, at 
higher concentrations up to 150 i^gml'', the toxic effect of rifampicin has been 
noticed, whereas no significant difference in the viable counts at varying doses up to 
100 ligml"' has been observed. Besides, these strains also exhibited resistance to 
multiple antibiotics (discussed in chapter-II). 
3.6 Effect of UV Irradiation on Strains NJ-15 and NJ-101 
Fig. 51 shows the effect of increasing doses of UV radiations on the strains NJ-15 
and NJ-101. The radiation repair-proficient AB1157 and radiation-repair defective 
AB1886 (uvr'A) mutant of E.coli K-12 were taken as positive and negative controls. 
Table 23: Persistence of Rif'* bacterial strains NJ-15 and NJ-101 used as seed 
inoculants and monitored on Pigeonpea roots after 30 and 60 days of 
post-pianting" in a non-sterilized soil. 
Isolates c.f.u/seed'' cf.u/g root* (x 10^ ) z r-
^ 30daj^s(xl01 60 days (x 10^ ) 
Pseudomonas aeruginosa (Ni-\ 5) 2.2 ± 0.25 
Pseudomonas aeruginosa (NJ-101) 3.2 ± 0.20 
Control^ 0.0 
1.76 ± 0.58 
3.60 ± 0.26 
RD"^ 
0.97 ± 0.03 
1.50 + 0.11 
RD" 
"Number of days after planting when roots were sampled 
''Values represent the average of four replicates ±S.D 
"^ Values represent the average of four replicates ±S.D 
'^Not detected 
"Uninoculated seeds used as control 
Table 24: Effect of seed bacterized strains NJ-15 and NJ-101 on soil 
microbial population after 60 days of post-planting". 
Parameters 
TVBC''(xlO^) 
Actinomycetes'' (x 10 )^ 
Fungi''(x 10^ ) 
Control soil*^  
5.8 ± 0.82 
2.5 ± 0.39 
10.3 + 1.18 
Seed bacterized*" with: 
NJ-15 
6.4 ±0.82 
2.9 + 0.15 
8.8 + 1.30 
NJ-101 
6.4 + 0.85 
2.610.26 
9.810.92 
"Number of days after planting when soil -was sampled. 
''Seed bacterized with ~l(f cells of strains NJ-10 and NJ-15 
'^Uninoculated soil was used as control 
''Values represent the average of four replicates ±S.D 
TVBC-Total viable bacterial counts 
Fig. 51: Effect of UV radiations on the survival of strains NJ-15 and 
NJ-101. The radiation repair proficient strain AB1157 and 
radiation sensitive (polymerase defective) strain pol A of E. 
coli K-12 were used as positive and negative controls. 
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The test strains showed considerable growth and UV resistance up to 120 sec 
exposure at 310 nm. However, the strain wvrA", defective in excision repair pathway 
exhibited significant inhibition of growth due to UV sensitivity vis-a-vis wild-type 
AB1157. 
3.7 Effect oiFusarium oxysporum f. sp, udum on the Pigeonpea. 
The detrimental effect of Fusarium oxysporum f. sp. udum at increasing doses of 1, 
10 and 20 g per pot has been observed on the growth of pigeonpea. At the highest 
dose of 20 g fungus, the development of wilt-disease caused significant reduction in 
the growth of plants. The disease symptoms appeared after 25 days of sowing. 
Consequently, the leaves of the diseased plants turned yellowish in color and then 
dropped, ultimately, resulting in mortality. The data shovm in Tables 25 and 26 
clearly indicate significant decrease in the root length (55.5 %) and shoot length 
(53.2 %) as well as in fresh and dry weights of the crop after 30 days of post-
planting. Moreover, after 60 days of post-planting, greater reductions in these 
parameters have been recorded. The average disease incidence in pigeonpea due to 
Fusarium oxysporum f. sp. udum (20g) has also been determined to be 66.6 and 77.7 
% after 30 and 60 days of post-planting followed by 100 % mortality after 130 days 
of post planting. 
3.8 Efficacy of Degrader Stains NJ-15 and NJ-101 as Bioinoculants for 
Protection against Phytopathogens. 
The results of pot-culture experiments using strains NJ-15 and NJ-101 as 
bioinoculants, clearly demonstrated their potential of promoting growth with 
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concurrent suppression of Fusarium wilt-disease in pigeonpea grown in disease-
conducive soil. Tables 27 and 28 show that the addition of strains NJ-15 and NJ-101 
significantly contributed in increasing the root length land shoot length as well as in 
fresh and dry weights of shoot and roots after 30 and 60 days of post-planting. 
Moreover, the growth promoting effect of the strains in disease-conducive soil due to 
fungal growth suppression is unequivocally demonstrated (Fig. 52). Both the strains 
effectively colonize the roots and inhibit the fungal grov^h as evident from the data 
indicating decreased disease incidence and increased plant growth. 
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Fig. 52: Efficacy of agrichemical degrading strains NJ-15 and 
NJ-101 as bioinoculants. The pot experiment shows 
the growth promoting effect of these strains on 
pigeonpea plants grown in disease-conducive soil 
infested with Fusarium oxysporum f. sp. udum after 60 
days of post-planting. S: unbacterized pigeonpea 
seeds; SI: seeds bacterized with strain NJ-15, S2: 
seeds bacterized with strain NJ-101; F: fungus on 
sorghum seed added to soil before sowing. 
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4. Discussion 
Besides the biodegradation of agrichemicals, the indigenous degrader strains 
concurrently exhibited a variety of auxiliary biological activities. Significant 
solubilization of tri-calcium phosphate by the strains in Pikovskaya's medium clearly 
indicated their significance in plant growth promotion. It is well established that a 
large portion of inorganic phosphates applied to soil as fertilizer is rapidly 
immobilized after application and becomes unavailable to plants (Yadav and 
Dadarwal, 1997). Indeed, the solubilization of immobilized soil phosphorus and 
applied phosphates is facilitated by soil microflora, resulting in higher crop yield. 
Particularly, the Pseudomonas and Bacillus species are well recognized for 
phosphate solubilization in soil (Gaur and Gaind, 1983; Musarrat et al, 2000; Bano 
and Musarrat, 2003b; Bano and Musarrat, 2004). However, limited information is 
available on the role of Rhizobia in phosphate solubilization (Haider et al, 1991; 
Surange and Kumar, 1993; Chabot et al, 1998; Bano and Musarrat, 2003b). 
Interestingly, the strain PS-1, a Rhizobium sp. showed significant phosphate 
solubilization with concomitant acid production in Pikovskaya's medium, besides 
producing polysaccharide on yeast mannitol agar. Comparative analysis revealed that 
the phosphate solubilizing efficiency of strains varies in the order as NJ-15> PS-1> 
NJ-101> PS-3 >NJ-10>PS-2>NJ-115. The extent of phosphate solubilization showed 
a positive correlation with change in pH of the medium. Earlier studies have 
demonstrated the decrease in medium pH during phosphate solubilization (Dormer et 
al, 1993; Duplessis et al, 1985). In general, the increase in growth of the bacterial 
strains in liquid medium has been observed with concomitant reduction in pH of the 
medium due to acid production. The production of organic and inorganic acids by 
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phosphate solubiHzing microorganisms, and their role in effective soIubiHzation of 
inorganic phosphates in soil has been reported (Pareek and Gaur, 1973). The 
demonstrated phosphate solubilizing ability clearly suggests the plant growth 
promoting potential of the strains and offers the opportunity of exploiting these 
strains as biofertilizers. Phosphate solubilizing microorganisms (PSMs) have long 
been used for developing sustainable phosphate fertilizers for commercial 
applications (Kucey era/., 1989; Goldstein, 1986; Richardson, 1994). 
Certain rhizobacteria also promotes plant growth by secreting plant hormones 
(Lifshitz et al, 1987, Garcia et al, 2001). Thus, the significant production of lAA by 
our isolates further substantiated their role in plant grov,th promotion. The estimation 
of lAA in culture filtrate at different time intervals between 2 to 10 days revealed a 
linear time-dependent increase in lAA production. These results concur with the 
earlier reports suggesting induction of lAA production in late exponential and/or 
stationary phase of cultures (Atzom, 1988; Garcia de Salamone, 2001) probably due 
to delayed induction of key enzymes of lAA biosynthesis pathway (Oberhansli, 
1991). Particularly, the tryptophan side chain oxidase involved in the main pathway 
for lAA biosynthesis is expressed in cells during stationary phase (Oberhansli et al, 
1991). Several beneficial microorganisms, viz. Alcaligenes faecalis (Kobayashi et 
al, 1993), Klebsiella (Haahtela et al, 1990), Enterobacter cloacae (Koga et al, 
1991), Pseudomonas and Xanthomonas (Fett et al, 1987) Rhizobium (Emstsei et al, 
1987) and Bradyrhizobium (Sekine et al, 1988) do produce lAA in culture medium. 
Production of lAA by bacteria is interesting not only because of the physiological 
effects that this phytohormone exert on the plants but also in view of its possible role 
in plant-bacterial interactions. There is evidence that the application of tryptophan to 
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rhizosphere stimulate the vegetative growth of com. This effect has been ascribed to 
the conversion of tryptophan to lAA by rhizospheric bacteria (Oberhansli et al, 
1991). The lAA producing microorganisms also increase the production of plant 
metabolites, which they utilize for their own growth (Gaudin et al, 1994). 
Moreover, the production of siderophores by the degrader strains also insinuated 
their biocontrol potential. Certain PGPR's produce siderophores, which efficiently 
form complex with environmental iron. Thus, making it less available to certain 
native microflora and retard there growth (Neiland, 1981). The role of siderophores 
in the biocontrol of soil borne phytopathogens is well documented (Leong, 1986). 
These low molecular weight biomolecules are known, to act as growth factors, and 
also exhibits potent antimicrobial activity (Neiland, 1981). Pseudomonas strains 
producing siderophore have shown to increase the crop yield (Sharma et al, 2003) 
and also exhibit the disease suppression ability. The siderophore producing 
Pseudomonas strains GRP3 have been shown to influence iron acquisition in 
mungbean resulting in significant yield increase (Sharma et al, 2003). Enhanced 
plant growth caused by these strains often accompanied by reduction in the 
population of fungi and other bacteria on the roots. These observations corroborate 
with the findings demonstrating the multifarious role of our bacterial strains. The 
biocontrol activity of the degrader isolates has been further validated by clear-cut 
antagonistic effect of strains NJ-15, NJ-10, PS-3 and NJ-101 on phytopathogenic 
fungi. Thus, substantial production of indole acetic acid, siderophores and inorganic 
phosphate solubilization by the agrichemical degrader strains clearly suggest the 
spectrum of biological activities performed by these strains under in vitro conditions. 
Owing to their wide action-spectrum, the indigenous strains could serve as proficient 
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bioinoculants for controlling the region-specific environmental and agronomic 
problems. 
Specifically, the strains NJ-15 and NJ-101 exhibiting multifarious activities have 
been perceived as super-bioinocuiants and verified for their plant growth promotion 
and biocontrol activities under controlled conditions. Both the strains exhibited 
irmate resistance to multiple antibiotics including rifampicin up to 100 ^lgm^^ 
Resistance to rifampicin has been used to track these strains on plant roots and in 
rhizospheric soil containing mixed microbial population. Rifampicin resistance is 
known to be mediated by mutation in P-subunit of RNA polymerase (Sippel and 
Hartmann, 1968), which is uncommon in soil bacteria. The chromosomal nature of 
the mutation offers greater stability as compared to the plasmid borne markers, and is 
also advantageous as it is non- transferable (Compeau et al., 1988). Antibiotic 
resistance in strains of bacteria has been used to assess the persistence of indigenous 
and non-indigenous microorganisms inoculated in soil (van Elsas, 1990). Using the 
Rif marker, the rhizospheric competence and the ability of degrader strains to 
colonize on Cajanus cajan L. Mill sp. (pigeonpea) roots have been assessed. Indeed, 
all disease-suppressive mechanisms exhibited by bacteria offers no benefit unless the 
bacteria are successfully established in the root environment (Weller and Cook 1986; 
Weller, 1988; 0 ' Sullivan and O'gara, 1992). An efficient non-sterilized soil assay 
has been used for evaluating rhizospheric colonization potential of bacterial strains 
NJ-15 and NJ-101. Recovery of these strains from roots of pigeonpea suggested the 
adequate colonization capacity and rhizospheric competence. Also, the resistance to 
UV exhibited by the strains NJ-15 and NJ-101 suggests their sustainability in soil 
exposed to solar radiations. 
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Furthermore, the strains NJ-15 and NJ-101 explicitly demonstrated the antagonistic 
activity against a range of phytopathogenic fungi under in vitro condition. The SEM 
analysis demonstrated the cell wall lysis of the fungal hyphae by the test strains. 
Production of extracellular enzymes by biocontrol bacteria is a well-documented 
phenomenon causing the lysis of fungal cell wall (Lemanceau and Alabouvette, 
1993). Presumably, the production of anti-microbial metabolites and lytic enzymes 
could be responsible for the ability of the degrader strains to inhibit the Fusarium 
oxysporum f.sp. udum. The pigeonpea root colonizing ability of Pseudomonas strains 
with enhanced germination, survival and yield have confirmed the strains as a 
promising group of plant growth promoting bacteria involved in the biocontrol of 
plant disease. Earlier studies have also implicated fluorescent Pseudomonas in 
control of several wilt diseases caused by Fusarium sp. (Chen et al., 1995, Robert et 
al., 1997), phytopthora root rot of soybean (Lifshitz et al., 1986) and tobacco root rot 
(Keel eM/., 1989). 
Thus, the stability of the strains in rhizospheric soil as well as their establishment on 
root surface corroborates the idea of promoting the development and application of 
indigenous isolates as efficient and region-specific bioinoculant. It is concluded that 
the strains NJ-15 and NJ-101 are ideally suited for exploitation as super-
bioinoculants owing to their inherent potential of agrichemical degradation, plant 
growth promotion and biocontrol activities. The ecological fitness of these strains as 
demonstrated by their root colonizing ability and co-existence with the soil 
microflora further suggests their agronomic significance. The applications of these 
beneficial bacteria for increasing crop yields with the reduction in the amount of 
chemical input may offer potential benefits. 
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